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1
Introduction
1.1 Research definition and context
This thesis deals with the formation of secondary organic aerosols from biogenic emissions
in boreal and tropical forests, their evolution in the atmosphere and how they may influence
clouds by acting as condensation nuclei. This topic is related to one of the fundamental is-
sues in climate science: how the interaction of the biosphere with the physical and chemical
components of the earth system regulates the climate. Many links between biosphere and
atmosphere have been investigated, mainly focusing on the energy, water and carbon cycles.
Lately, there has been a growing interest in the role of the terrestrial biosphere in modulating
climate by its effect on atmospheric chemistry, as reviewed by Arneth et al. (2010), and sev-
eral feedback mechanisms involving aerosols formed from the volatile organic compounds
(VOCs) emitted by vegetation have been proposed. Kulmala et al. (2004a) suggested, based
on observations made in the boreal forest, a coupling between forests and the climate by the
production of organic aerosols which may directly or indirectly (through clouds) affect the
surface energy balance, which in turn feeds back on vegetation growth and VOC emissions.
More in general, Barth et al. (2005) hypothesized on the existence of feedbacks linking emis-
sions from vegetation with the hydrological cycle through the formation of aerosols and their
impact on clouds. For the tropical forest, Po¨schl et al. (2010) proposed that biogenic aerosols
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are important to sustain the hydrological cycle by their influence on clouds and precipitation,
which in turn drives biological activity and emissions thereby stabilizing the Amazonian rain
forest ecosystem.
The fact that the proposed mechanisms mainly concern boreal and tropical forests has a
reason: they are both ecosystems that are characterized by high emissions of biogenic VOCs
and are both environments that experience relatively little anthropogenic pollution and cover
large regions of the earth. Therefore, these ecosystems are the most appropriate ones for
studying the biogenic pathways leading to aerosol formation with likely a significant impact
on the climate. It should be noted, however, that there are several mechanisms by which
anthropogenic emissions enhance the formation of secondary organic aerosol (SOA) from
biogenic emissions (Hoyle et al., 2010) and that even the most remote rain forest shows signs
of human pollution aerosols (Andreae, 2007).
Conceptually, the proposed feedback mechanisms may be clear, but the level of under-
standing of the underlying processes is low (Barth et al., 2005; Stevens and Feingold, 2009;
Riipinen et al., 2012). Before the influence of these interactions on the climate system can
be quantified, a fundamental understanding of the underlying physical, chemical and biolog-
ical processes, how they interact with each other and on which temporal and spatial scales
is needed. Especially when the typical time scales on which biochemical and physical pro-
cesses act are similar, it is necessary to study them as an integrated system. Relevant in
this research is, for example, the fact that the time scales of the emission and oxidation of
VOCs and the formation of SOA are similar as those of the atmospheric boundary layer (BL)
dynamics (Karl et al., 2007; Vila`-Guerau de Arellano et al., 2011). These processes have typ-
ical time scales of minutes to hours and their interactions should therefore be studied on the
diurnal time scale. Another important argument to study these interactions on diurnal time
scales is that the diurnal tendencies of certain variables can be used to gain understanding of
the processes that drive them. For instance, the growth of the boundary layer in the morn-
ing or photochemistry peaking around noon cause typical patterns in the diurnal evolution of
boundary layer dynamics and chemistry. Understanding the coupling between these physical
and chemical processes is an essential first step to scale up from diurnal to longer time scales
since it gives insight in which processes operating at short time scales deserve most consid-
eration in studies over longer time scales. In the first part of this thesis I therefore study the
diurnal cycle of the coupled land surface - VOC chemistry - boundary layer dynamics system
in case studies for both a boreal and a tropical forest based on local scale observations.
While the diurnal time scale is useful to gain process understanding, the effect of a certain
mechanism should be evaluated at longer time scales and larger spatial scales to eventually
assess its climatic significance. Therefore, the second part of this thesis is a first step in this
direction as I study the effects of the boreal forest on cloud properties through aerosol forma-
tion on seasonal time scale and regional spatial scale.
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In summary, I focus on how forests drive organic aerosol production and its evolution in
the atmosphere. To this end, I combine two fundamental aspects of biosphere-atmosphere
interaction: aerosol formation from organic vapors and surface energy budget partitioning,
which drives the dynamics of the boundary layer and cloud formation. In addition, I will also
evaluate the influence of large-scale meteorological forcings on the observed phenomena,
since the forest - aerosol - boundary layer dynamics system is not a closed system.
In view of the complexity and the multi-disciplinary and multi-scale character of the
subject, I have defined the following research questions:
• What are the contributions of land surface and large-scale meteorological forcings and
boundary layer processes to the organic aerosol budget over boreal and tropical forests?
• Are recently discovered pathways of isoprene chemistry the key to closing the gap
between measured and modeled organic aerosol concentrations in tropical forests?
• How do aerosols and meteorological factors influence cloud droplet number concen-
tration over the boreal forest?
1.2 Research strategy
We design a methodology that enables us to break down the complexity of the forest - aerosol
- boundary layer dynamics system. The system that we study and the tools that we use to this
end are shown in Fig. 1.1. It includes the development of our model in Chapter 2, the forma-
tion and diurnal evolution of SOA in a boreal and a tropical forest as described in Chapters
3 and 4, respectively, and the use of satellite observations to infer cloud droplet number con-
centration over the boreal forest in Chapter 5.
In order to answer the first two research questions, we combine measurements and mod-
eling of the coupled land surface - VOC chemistry - boundary layer (BL) dynamics system.
This system has many degrees of freedom, due to the complexity of atmospheric flows and
chemistry. The former is due to land-atmosphere interactions and the turbulent character of
the BL and the latter due to the many compounds involved at low concentrations, especially
in the organic chemistry involved in SOA formation. In our research strategy, we therefore
seek for a balanced approach in which the complexity of the representation of physical and
chemical processes is kept to a minimum, while keeping enough realism in the model to re-
produce the main interactions among the processes. We have put special effort in guiding
and constraining our numerical experiments by complete data sets in terms of surface char-
acteristics, boundary layer dynamics and chemistry. In this way, we aim to keep the model
11
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Figure 1.1: Conceptual representation of the main studied processes in the boreal and trop-
ical forest and the modeling and observational methods with which they are studied. The
numbers indicate the chapters of this thesis in which the different aspects are treated.
comprehensible while at the same time assuring that we are representing the essentials of the
system that we are studying.
To study the diurnal variability, we develop a model in which the essentials of the dy-
namics of a convective BL during day time are coupled with a chemical mechanism that
represents the main chemical pathways through which biogenic VOCs are oxidized and with
a module for calculating the gas/particle partitioning of the VOC oxidation products. The
vegetated land surface is not an interactive part of the model. Instead, we have prescribed its
impact on diurnal time scales by applying surface heat fluxes and VOC emission fluxes as
constrained by observations. In addition, all other relevant emission and deposition terms of
reactive species are prescribed.
Our model allows us to dissect the total tendency of chemical species like VOCs and
SOA into the contributions of the individual processes that drive their evolution during the
day. In this way we can quantify the dominant processes at diurnal time scales, which can
guide upscaling to longer time scales. In turn, BL dynamics are driven by the underlying
12
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land surface and the free troposphere on top of it, which connects it to regional and global
scale meteorological phenomena. This may be important in interpreting the observations.
Moreover, by confronting our model with data, we are able to identify if processes are missing
in the description of an observed phenomenon. In the field of atmospheric chemistry, new
pathways in both gas-phase and aerosol phase chemistry that drive SOA formation are being
discovered in laboratory or smog chamber studies. Our modeling approach combined with
a complete data set allows for the evaluation of these new mechanisms under atmospheric
conditions. Finally, our modeling tool can easily be used for sensitivity analyses, since it
is computationally efficient. Scanning the parameter space can give insight in the possible
effect of a parameter that is not well constrained by observations or it can give information
on which processes are important under specific forcings.
As such, our newly developed modeling system is an efficient tool for interpreting data
sets obtained during atmospheric chemistry measurement campaigns. These campaigns are
essential to translate the knowledge of fundamental chemical processes as obtained from
theoretical and laboratory studies to the atmosphere. Intensive measurement campaigns typ-
ically last several weeks and are often comprised of point measurements taken at a single
site, occasionally supported by aircraft observations. Fortunately, complete data sets are be-
coming more available since recent field campaigns in boreal (HUMPPA-COPEC, Williams
et al., 2011), tropical (OP3, Hewitt et al., 2010) and temperate (BEACHON-RoMBAS, http:
//tinyurl.com/BEACHON-RoMBAS) forests are starting to include measurements of BL and
land surface characteristics as well.
In order to answer the third research question, we employ observations of cloud properties
from several years of satellite observations combined with a cloud model to obtain seasonally
averaged cloud droplet number concentrations over the boreal forest. The averaging over
multiple years assures us that we have a statistically robust data set. These satellite data are
supported by point measurements of cloud active aerosol concentrations at the surface and
reanalysis data of meteorological fields over the same period.
1.3 Concepts and state of the art
We introduce the key concepts of the subject of this thesis: biogenic secondary organic
aerosol and the diurnal dynamics of the atmospheric boundary layer. First, we explain how
they are linked and why they should be studied simultaneously.
The formation of SOA from a VOC depends on both its chemical transformation by means
of oxidation to a semi-volatile VOC (SVOC) and on the partitioning of the SVOC between
the gas and the aerosol phase. For both the former and the latter, meteorological factors are
13
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important. First, dilution in the atmosphere will determine the mixing ratio of VOCs and
their oxidants and therewith their reaction rate and, consequently, the amount of oxidation
products formed. Besides, the rate of many chemical reactions is temperature and/or mois-
ture dependent. Both variables are characterized by a strong diurnal variability. Second, the
semi-volatile character of the first or higher generation oxidation products of biogenic VOCs
is essential for understanding meteorological effects on the fraction of the oxidized VOCs that
enters the aerosol phase. Its semi-volatile character means that only a fraction of an SVOC
will partition into the aerosol phase with the other part remaining in the gas phase (Pankow,
1994; Donahue et al., 2006). The partitioning between gas and aerosol phase depends on
the saturation concentration of the SVOC, which in turn depends on the atmospheric tem-
perature due to its effect on the saturation vapor pressure following the Clausius-Clapeyron
relation. Further, the gas/particle partitioning depends on the mass concentration of the or-
ganic aerosol already present in the atmosphere, hereinafter referred to as the background
organic aerosol, which is governed by its dilution in the atmosphere and the exchange with
the residual layer/free troposphere on top of the BL. In addition, there is a possible effect of
the relative humidity on SOA mass, because water can be taken up in the aerosol. This effect
is not treated in this thesis.
To provide the reader with the fundamental concepts, in the following we give a general
overview of basic concepts and the state of the art on the formation of biogenic secondary
organic aerosols and the diurnal dynamics of the boundary layer.
1.3.1 Biogenic secondary organic aerosols
Aerosols are tiny particles dispersed in gases (Seinfeld and Pandis, 2006). They can be liquid
or solid, primary or secondary, the latter meaning that they are formed in the atmosphere from
gas-phase precursors. They are important in air quality, weather and climate. This may be
due to their direct effect on radiative forcing by scattering incoming solar radiation (Haywood
and Boucher, 2000) or indirectly by modulating cloud properties when functioning as cloud
condensation nuclei (Twomey, 1977; Albrecht, 1989; Lohmann and Feichter, 2005). The role
of organic aerosols, specifically, is likely globally significant, but difficult to assess. They
constitute 20-90% of the submicron aerosol mass (Jimenez et al., 2009) and a substantial
fraction is of biogenic origin (Spracklen et al., 2011). However, the sources and formation
mechanisms of organic aerosols and consequently their effects on air quality and climate are
not well understood (Jimenez et al., 2009).
Biogenic SOA originates from the oxidation of biogenic VOCs in the atmosphere (Fuentes
et al., 2000; Goldstein and Galbally, 2007). VOCs emitted by natural vegetation are known
since decades to play an important role in atmospheric chemistry by regulating oxidant con-
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centrations and fueling organic aerosol production (Fehsenfeld et al., 1992). Among the dif-
ferent classes of VOCs emitted by vegetation, isoprene (C5H8) and monoterpenes (C10H16)
are the most abundant (together they account for about 50% of the global emissions (Guen-
ther et al., 1995)) and are the only biogenic VOCs considered in this thesis. Sesquiterpenes
(C15H24) have high SOA yields upon oxidation (Griffin et al., 1999), but since they are highly
reactive and therefore difficult to measure, little is known about their contribution to ambient
SOA.
More than 50 years ago, Went (1960) was the first to hypothesize on the aerosol form-
ing potential of monoterpenes (hereinafter referred to as terpenes) and suggested that these
aerosols were responsible for the blue haze observed in many forested areas. He also pro-
posed that these particles may directly influence on the surface energy budget by reflecting
incoming solar radiation and indirectly by providing condensation nuclei for cloud droplets
to form on. Numerous smog chamber studies have confirmed the aerosol-forming potential of
terpenes afterwards (e.g. Griffin et al., 1999). The importance of terpene oxidation products
in the atmosphere was confirmed by Tunved et al. (2006), who found that they are the main
contributor to aerosol mass over the boreal forest.
The oxidation of isoprene, the globally most abundant biogenic VOC (Guenther et al.,
1995), on the other hand, has long been considered not to lead to substantial formation of
semi-volatile products that may enter the aerosol phase, until Claeys et al. (2004) found trac-
ers of isoprene oxidation products in Amazonian aerosols. The aerosol yields of isoprene
were thereafter found to be low (Kroll et al., 2006), but isoprene as SOA precursor was
thought to be significant at global scales, due to its high emission flux of an estimated 600
Tg/yr (Guenther et al., 2006). However, the mechanisms leading to isoprene formation are
not well understood (Carlton et al., 2009) and isoprene SOA yields are very much dependent
on the exact chemical pathways leading to its formation (Surratt et al., 2010). For example,
recent experimental studies have indicated that acid seed aerosol (Lin et al., 2012b) and el-
evated NOx levels (Chan et al., 2010) lead to unexpected high yields. Moreover, Robinson
et al. (2011a) found that isoprene SOA forms a substantial fraction of the organic mass load-
ing in a tropical forest and possibly also in other isoprene dominated environments.
The formation of biogenic SOA starts with the emission of a VOC from a plant. This
emission is governed by a combination of biochemical and physical drivers (Guenther et al.,
1995; Arneth et al., 2007). At the level of an individual plant, temperature, light intensity and
CO2 concentration are known to be important factors governing the emission on short tempo-
ral scales. At ecosystem level, factors like species composition and vegetation productivity
become important.
In the atmosphere, VOCs are subject to oxidation by ozone (O3), the hydroxyl radical
(OH) and, during night time, the nitrate radical (NO3). Reaction with either of these oxidants
15
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results in the addition of polar oxygenated functional groups to the VOC or in the breaking
of its carbon skeleton. Since the vapor pressure, or its reciprocal the saturation concentration,
of a molecule is determined by both its polarity and size, the change in volatility of the VOC
upon oxidation depends on the competition between these two effects (Kroll and Seinfeld,
2008). In general, the first-step oxidation products have lower volatilities than the parent
VOC. In that way, oxidation results in the formation of species that have low enough volatili-
ties to be condensable and thus to be present as liquids or solids in aerosols. The distribution
of products formed from a specific VOC, and therewith the amount of SOA formed from the
specific precursor, depends on environmental conditions, such as the oxidant that initiates
the oxidation, NOx-concentration, temperature and humidity. Oxidized VOCs may undergo
further oxygenation in the atmosphere, which can further reduce their volatility and enhance
SOA formation (Jimenez et al., 2009). The final fate of all reactive carbon in the atmosphere
is either to oxidize down to CO2 or CO, or to end up in aerosols, which are eventually re-
moved from the atmosphere by dry or wet deposition. In our investigations, we will focus
on the first-step oxidation of monoterpenes, several pathways of isoprene oxidation and the
resulting aerosol formation.
1.3.2 Diurnal dynamics of the boundary layer
To quantify the importance of meteorological processes on the formation and evolution of
SOA, it is necessary to take the diurnal behavior of the BL into account. Here, we focus on
a special case (prototype) of the atmospheric boundary layer, the convective boundary layer.
This is formed during daytime when the introduction of heat and moisture by the sensible
and latent heat fluxes drives atmospheric convection and turbulence, which in turn drive the
diurnal cycle in atmospheric chemistry (Fig. 1.1). During day time, the sun heats the land
surface. Most of this energy is used to evaporate water from the land surface and to warm
the air above it. As an air parcel is warmed and moistened at the surface, it becomes less
dense than its environment and therefore rises. These motions are organized in turbulent
plumes which move upwards since they have a higher buoyancy (capacity to float) than their
surroundings, a process called convection. Their rising motion continues until they reach the
top of the BL which is capped by a potential temperature inversion: a sudden increase of
the potential temperature over a thin layer of air (typically ten to hundred meter) called the
entrainment zone, which marks the transition to the free troposphere (FT). As a consequence
of this potential temperature increase, the parcel becomes denser than its environment, will
loose its buoyancy and it will start to return to the surface. However, since it has penetrated
the warmer layer during its ascent, some warmer (and drier) air has been mixed into the
parcel, in a process called entrainment, so when the parcel sinks back towards the surface it
introduces heat into the BL. This process of mixing in warm and dry air from the FT into
16
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the BL causes the latter to grow during day time, since the BL temperature increases which
enables the rising parcels to rise higher up and to entrain even more warm air. After sunset
the surface heat fluxes are no longer positive, the convective motions are no longer sustained
and the convective BL collapses.
The important point for the atmospheric chemistry occurring in the BL is not only that
it grows, which increases the mixing volume into which chemical species are emitted and in
which they react, but also that in the FT species often have different mixing ratios than in the
BL. Consequently, when the parcels entrain air from the FT and sink back into the BL, the
concentrations of chemical species is altered, which affects their subsequent chemical trans-
formations. In summary, there are two effects of a growing BL on the chemistry occurring
in it: 1) an increased mixing volume and 2) entrainment of air with a different reactant mix-
ing ratio. Both are treated in the simulations with the land surface - VOC chemistry - BL
dynamics model.
1.4 Outline of this thesis
The model that I employ to analyze the diurnal evolution of organic aerosol as a function of
land surface conditions, meteorology and chemistry is a mixed layer model for the convective
boundary layer. It is coupled with a reduced mechanism for the gas-phase chemistry of VOC
oxidation and a module for gas/particle partitioning. The basics of the model are described
in Chapter 2 and its updates for the individual case studies in further chapters. In Chapter
3, I study the diurnal cycle of organic aerosol and how the land surface drives this diurnal
cycle, guided by observations from a boreal forest in Hyytia¨la¨, Finland. Then, I apply it to
a case study for a tropical forest at Borneo (Chapter 4). To this end, the model is updated
with mechanisms through which SOA from isoprene is formed and the sensitivity of modeled
OA concentrations to large-scale meteorological forcings is studied. A step to seasonal time
scales is taken in Chapter 5, in which I investigate how the cloud droplet number concentra-
tion of clouds over the boreal forest is related to the concentrations of cloud active aerosols
in the forest and meteorological factors. Finally, in Chapter 6 the most important findings
of this thesis are summarized and in Chapter 7 recommendations for future research on the
coupled land surface - VOC chemistry - boundary layer dynamics system are given.
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2
Physics and chemistry of the modeling
system MXLCH-SOA
2.1 The coupled system
In this chapter, we will introduce the basic equations of MXLCH-SOA, a coupled model
of boundary layer dynamics, O3-NOx-HOx-VOC chemistry and SOA formation through
gas/particle-partitioning. In short, the mixed-layer (MXL) model for the convective boundary
layer (BL) that forms the representation of the BL dynamics was developed by Lilly (1968)
and Tennekes (1973). It is based on the assumption that mixing throughout the convective BL
is vigorous, and as a result the state variables and atmospheric compounds are constant with
height. Consequently, we can describe the evolution of these variables by a slab or mixed-
layer value that solely depends on time. It was expanded for use in atmospheric chemistry
studies by including a chemical module by Vila`-Guerau de Arellano et al. (2009, 2011). For
the work in this thesis, a module for gas/particle-partitioning of semi-volatile organic species
(Donahue et al., 2006) has been included.
2. PHYSICS AND CHEMISTRY OF THE MODELING SYSTEM MXLCH-SOA
2.2 Governing equations for the heat budget
The leading role in the structure and evolution of the diurnal BL is played by the potential
temperature, which represents the heat budget of the BL. The reason is that the intensity and
characteristics of convective turbulence, the main process that drives the convective BL, are
strongly dependent on the energy available at the surface, expressed by the sensible heat flux,
and the heat exchange between the BL and the free troposphere (FT).
Therefore, we begin with the analysis of the heat budget and which processes and vari-
ables are controlling it. We first explain the equations for the potential temperature θ, which is
depicted here between brackets as 〈θ〉 to indicate mixed-layer values. Subsequently, we show
the equations that govern the moisture budget and therewith we complete the set of equations
that represent the BL dynamics.
If we consider a horizontally homogeneous dry convective BL, the evolution of the po-
tential temperature is driven by the surface and entrainment sensible heat flux:
∂〈θ〉
∂t
=
(
w′θ′
)
s
−
(
w′θ′
)
e
h
(2.1)
Equation 2.1 is the result of a vertical integration of the 1-dimensional equation of the
heat budget and we have assumed that the vertical profile of θ is in quasi-steady state (Lilly,
1968). In this equation, w′θ′ s is the kinematic heat flux at the surface, which is related to the
sensible heat flux (H) as: w′θ′ s = H/(ρ · cp), with ρ the density of air and cp the specific heat
of air. The entrainment process, represented by
(
w′θ′
)
e
, is defined as the process whereby air
with heat properties from the FT is mixed in into the mixed layer, and it is therefore related
to the θ jump at the inversion. The evolution of 〈θ〉 thus equals the input of heat into the BL
at the surface and due to entrainment over the BL height h.
When calculating the entrainment flux, we assume that the transition from the BL to the
FT, the inversion, is represented by a sharp discontinuity, namely the zero-order jump closure
(ZOJ, Tennekes, 1973). ZOJ closure defines this jump as ∆θ = θFT −〈θ〉 over an infinitely thin
inversion layer. In this ZOJ approach, the entrainment flux is the product of the entrainment
velocity we (defined positive in the upward direction) and the potential temperature jump ∆θ
at the inversion. The equation for the potential temperature entrainment flux reads:
(
w′θ′
)
e
= −
(
∂h
∂t
− ws
)
∆θ = −we · ∆θ (2.2)
In our model, we calculate the subsidence velocity as:
ws = −ω h (2.3)
where ω represents the large scale vertical velocity that is a function of the horizontal wind
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divergence in s−1, i.e. ω = −Div
(
~Uh
)
; where ~Uh is the horizontal wind. It can be thought of
as the fraction with which the BL is pushed down every second, due to large-scale subsiding
air motions. Therefore, ws is per definition negative.
By rewriting Eq. 2.2, we obtain an expression of the boundary layer growth ( ∂h
∂t ) as a
function of the entrainment flux
(
w′θ′
)
e
, the potential temperature inversion jump (∆θ) and
the subsidence velocity (ws). It reads:
∂h
∂t
= −
(
w′θ′
)
e
∆θ
+ ws = we + ws (2.4)
This equation states that the mixed layer grows by entrainment of warm air from the free
atmosphere (we > 0) and that it is opposed by the vertical subsidence velocity (ws < 0)
driven by high pressure situations. This growth is limited by the presence of a stably stratified
layer defined by a potential temperature jump on top of the convective BL. This jump at the
inversion, represented by ∆θ, changes during the growth of the mixed-layer. Consequently,
depending on a positive or negative tendency of ∆θ, the BL growth increases or decreases.
As Eq. 2.2 shows, the entrainment flux for heat depends on the entrainment velocity and
the potential temperature jump at the inversion. It is therefore necessary to obtain a prognostic
equation for the potential temperature jump. This equation reads:
∂∆θ
∂t
=
∂θFT
∂t
− ∂〈θ〉
∂t
= γθ
(
∂h
∂t
− ws
)
− ∂〈θ〉
∂t
(2.5)
where γθ is the lapse rate (change with height) of θ in the FT. The final set of equations, which
describes the heat budget in the diurnal atmospheric boundary layer, is therefore composed
by Eqs. 2.1, 2.4 and 2.5. The three prognostic variables are 〈θ〉, ∆θ and h.
In this set of equations, four variables still remain as unknowns. The surface heat flux(
w′θ′
)
s
is the result of land-atmosphere interactions, but here we prescribe it according to
observations. The external variables ws and γθ represent the influence of the free tropospheric
conditions on the BL development and their values are imposed on the mixed-layer model.
Finally, the entrainment heat flux
(
w′θ′
)
e
remains. Here, we assume an important closure and
we relate the entrainment flux to the surface heat flux as:(
w′θ′
)
e
= −β
(
w′θ′
)
s
(2.6)
where the coefficient β can be imposed as a constant or as a parameter depending on the
thermodynamic characteristics at the inversion, for instance the presence of shear. In our
research, we assume a value of β equal to 0.2 which physically means that 20% of the heat
contribution to the diurnal boundary layer is due to the entrainment of heat at the inversion
layer. The potential temperature is normally underestimated if this contribution is neglected.
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Figure 2.1: Construction of the vertical profile of potential temperature from the evolution of
the mixed-layer potential temperature (〈θ〉), the BL height (h) and the potential temperature
jump across the BL-FT interface (∆θ). It is particularized at 12 local time.
As we will show later on when introducing the moisture budget, Eq. 2.6 needs to be modified
to make entrainment depending on the buoyancy flux.
An illustration of a typical diurnal evolution of 〈θ〉, h and ∆θ in the mixed-layer model
and how a vertical profile of θ can be constructed from these evolutions is shown in Fig. 2.1.
It shows that the BL is represented by a bulk value of θ and capped by a infinitesimally thin
layer over which θ strongly increases, represented by ∆θ. Above this inversion layer lies the
free troposphere, which is characterized by a θ, which increases with height.
2.3 Governing equations for the moisture budget
By adding the moisture budget to the heat budget, we complete the configuration of the
thermodynamic variables in the BL. To understand the role of moisture in the BL dynamics,
the concept of buoyancy is essential. Buoyancy is the upward force exerted by a denser
atmospheric flow on less dense air parcels, or in other words, it is the capacity of an air
parcel to float in the surrounding air. In order to calculate it, we have to take the evolution of
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both the heat and moisture budget into account, since both determine the density of air. The
inclusion of the moisture effects on the dynamics of the BL requires the introduction of two
new equations. The first one (similar to Eq. 2.1) is the evolution of the mixed-layer specific
humidity 〈q〉:
∂〈q〉
∂t
=
(
w′q′
)
s
−
(
w′q′
)
e
h
(2.7)
where
(
w′q′
)
s
represents the surface specific moisture flux and
(
w′q′
)
e
the entrainment flux of
moisture. The specific moisture flux is related to the latent heat flux (LE) following
(
w′q′
)
s
=
LE/(ρ · Lv), with Lv the latent heat of vaporization. Similarly to Eq. 2.2, we represent the
entrainment flux as:
(
w′q′
)
e
= −
(
∂h
∂t
− ws
)
∆q = −we · ∆q. (2.8)
This is an important equation since it relates the dynamics of the boundary layer growth,
represented by the entrainment velocity with the specific conditions at the interface between
the BL and the FT.
Eq. 2.8 requires an additional equation for the temporal evolution of the jump of q at the
BL-FT interface (∆q). It reads:
∂∆q
∂t
=
∂qFT
∂t
− ∂〈q〉
∂t
= γq
(
∂h
∂t
− ws
)
− ∂〈q〉
∂t
(2.9)
where γq is the lapse rate of q in the FT.
At this point, we need to introduce a new variable, the virtual potential temperature, which
accounts for the changes in the heat and moisture budgets and is used to quantify buoyancy.
It is defined as:
θv = θ(1 + 0.61q) (2.10)
The virtual potential temperature is the potential temperature that dry air would need to
attain in order to have the same density as the moist air at the same pressure. Since moist
air is less dense than dry air at the same conditions of temperature and pressure, θv is always
greater than the actual temperature, but only by a few degrees. The turbulent transport of this
variable, namely the buoyancy flux, combines in one quantity the information of the potential
temperature flux and the specific moisture flux. It reads:
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w′θ′v = w
′θ′ + 0.61(〈θ〉w′q′ + 〈q〉w′θ′ + w′θ′q′) (2.11)
≈ w′θ′ + 0.61(〈θ〉w′q′).
This buoyancy flux expresses the production of turbulent kinetic energy in the BL due
to density differences in diurnal convective boundary layers. Turbulence driven by shear
(mechanical turbulence) on the mixed-layer thermodynamic equations is not dealt with in our
research.
The buoyancy flux directly enters in the BL growth formulated in Eq. 2.2. Therefore, we
rewrite Eq. 2.2 in the definitive form as:
(
w′θ′v
)
e
= −
(
∂h
∂t
− ws
)
∆θv = −we · ∆θv, (2.12)
where ∆θv is expressed in terms of the characteristics of the θ- and q-budgets:
∆θv = ∆θ + 0.61 (〈q〉∆θ + 〈θ〉∆q + ∆θ∆q) (2.13)
By introducing the buoyancy flux as the driver of the turbulent process in the determina-
tion of the boundary layer growth, we complete the main framework of our model formulation
based on mixed-layer theory.
In summary, the combined heat and moisture system is composed by the following 5
equations:
1. Budget prognostic equation for θ and q (Eqs. 2.1 and 2.7)
2. Boundary layer growth evolution (Eq. 2.12) rewritten as:
∂h
∂t
= −
(
w′θ′v
)
e
∆θv
+ ws (2.14)
3. Prognostic equation for ∆θ and ∆q (Eqs. 2.5 and 2.9)
4. Closure assumption relating the surface buoyancy flux to the entrainment buoyancy
flux
(
w′θ′v
)
e
= −β
(
w′θ′v
)
s
.
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2.4 Governing equations for chemical species
The mixed-layer model allows us to investigate the influence of the boundary layer dynamics
on reactive atmospheric compounds during daytime. Our aim is to show that in order to
explain the diurnal evolution of a chemical species, we need, besides accounting for chemical
transformations, to understand the influence of the boundary layer growth on the species
concentration and its emission from and deposition to the land surface. It is important to
remark that in mixed-layer theory we assume that species are mixed instantaneously as soon
as they are chemically produced, emitted or entrained from the free troposphere. In other
words, the mixed-layer model acts as a reactive chamber with the additional advantage of
accounting for boundary layer growth and BL-FT exchange.
Like our analysis of the heat and moisture budget, mixed-layer theory enables us to de-
termine how chemically reactive species are modified during the day. This challenge can
be met by increasing the complexity of the atmospheric system since, in addition to the dy-
namics, we have to account for radiation effects on photo-dissociated species and chemical
transformation. To the main governing equations of the heat and moisture, therefore, we
add the governing equations for reactive species. These species are transformed according to
a chemical mechanism that reproduces the essential components of the O3-NOx-HOx-VOC
system. The chemical mechanism that reproduces the diurnal variability of these reactants
is slightly different for the different applications in this thesis and the applied versions are
shown in Chapters 3 and 4.
We begin by explaining the governing equation of a generic chemical species C. We
emphasize the advantages of using this dynamics-chemistry framework and the similarity of
the governing equations for chemical species, heat and moisture equations, paying particular
attention to explaining the source and sink terms related to the chemical transformations.
Like scalars (for instance moisture), the inclusion of reactive species requires the intro-
duction of two additional equations for each species. The expression for the evolution of the
generic species is similar as that for potential temperature (Eq. 2.1) and moisture (Eq. 2.7),
but includes a term for the chemical transformation:
∂C
∂t
=
(
w′C′
)
s
−
(
w′C′
)
e
h
+ S C (2.15)
By solving Eq. 2.15, we determine how C varies over time as a function of emis-
sion/deposition processes at the surface (represented by the term
(
w′C′
)
s
), the dynamic effects
(h and
(
w′C′
)
e
) and the chemical transformation (S C).
Since the surface processes are prescribed throughout the research in this thesis, we focus
here on the explanation of the dynamic and chemical terms. The flux at the top of the bound-
ary layer is represented in the same way as the entrainment flux for buoyancy and moisture.
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For C it reads:
(
w′C′
)
e
= −
(
∂h
∂t
− ws
)
∆C = −we · ∆C. (2.16)
By representing the exchange of C as the product of the entrainment velocity and the
jump of C, we account for both the dynamics and chemistry, which together determine the
exchange between the BL and FT.
Eq. 2.16 requires an additional prognostic equation to solve the evolution of ∆C:
∂∆C
∂t
=
∂CFT
∂t
− ∂〈C〉
∂t
= γC
(
∂h
∂t
− ws
)
− ∂〈C〉
∂t
+ S CFT , (2.17)
where γC represents the free tropospheric lapse rate of C. Notice that we introduce here
an extra term to account for the chemical transformation of the reactive species in the free
troposphere (S CFT ).
As mentioned above, there is a new term in Eqs. 2.15 and 2.17 describing the sources
and sinks due to the reactivity of individual species. This term can be illustrated using the
following generic set of reactions describing the production and destruction of C with rate
constants kAB and kCD, respectively:
A + B→ C (2.18)
C + D→ A (2.19)
From this reaction scheme, we can specify the rates of production and loss of C, PC and LC
respectively. S C (or S CFT ) thus reads:
S C = PC − LC =
 PC = kAB 〈A〉〈B〉LC = kCD 〈C〉〈D〉 (2.20)
The same method can be applied to more complex reaction schemes to determine the
individual source and sinks terms of any reactant, for instance those of the reaction schemes
in Chapters 3 and 4.
2.5 SOA formation: gas/particle partitioning
To describe the diurnal variability of organic aerosol, a new component is added to the cou-
pled dynamics-chemistry modeling system. By including a formulation for gas/particle par-
titioning leading to SOA formation we complete the development of MXLCH-SOA.
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Atmospheric aerosol usually consists of a mixture of organic and inorganic species, like
sulfate and nitrate. Gas/particle partitioning of semi-volatile organic species is dominated
by absorption of these species into the organic aerosol phase (Pankow, 1994). In that way,
more organic mass present in the aerosol leads to a more efficient partitioning of semi-volatile
organics into the aerosol phase. Several modeling frameworks exist for modeling SOA for-
mation. The simplest modeling approach calculates SOA as a fixed fraction of the emissions.
This approach can lead to large errors in the calculation of SOA formation as it does not
account for the semi-volatile character of SOA and consequently for the dependence of its
formation on the pre-existing OA mass or the role of temperature and humidity (Pankow,
1994; Donahue et al., 2009). On the other hand, the most thorough approach would be to
explicitly treat the gas-phase oxidation of SOA precursors and to determine which species
attain a saturation concentration low enough to partition to the aerosol phase. However, since
the number of individual organic species in the atmosphere is vast (Goldstein and Galbally,
2007) and only a small fraction of SOA forming species has been identified, this approach is
not considered practical for atmospheric modeling purposes (Donahue et al., 2006).
Therefore in the mostly applied methods, SOA forming species are treated as surrogate
species and lumped according to their volatility. The so called 2-product model (Odum et al.,
1996) uses two surrogate species with different saturation concentrations to represent SOA
yields from smog chamber experiments. The yields of these species are obtained by fitting
the model to measured SOA concentrations in the lab. This approach treats the semi-volatile
nature of SOA and can therefore explain the chamber observations of increasing SOA yields
with increasing organic aerosol concentrations (Odum et al., 1996). A disadvantage of this
method is that it does not capture the wide range of OA concentrations in the atmosphere since
lab studies are generally done at a single OA mass. Besides, the further chemical evolution
(aging) in the atmosphere of the semi-volatile organics in the gas and aerosol phase can not
be accounted for in this approach.
To solve these issues, Donahue et al. (2006) developed a unified framework for treating
semi-volatile species in the atmosphere, called the Volatility Basis Set (VBS). This approach
lumps the numerous semi-volatile products that are formed after VOC oxidation into several
bins with logarithmically spaced effective saturation concentrations. The mass yields for the
different bins are obtained by fitting results from laboratory studies of SOA formation to a
prescribed distribution of saturation concentrations. Further oxidation in the gas or aerosol
phase that changes the volatility of organic species can be accounted for by redistributing of
these species over the bins.
In MXLCH-SOA, we account for gas/particle partitioning by implementing the VBS
approach. We use 4 bins with effective saturation concentrations (C∗i ) of 1, 10, 100 and
1000 µg m−3 at 298 K, encompassing a relevant range of product vapor pressures (Lane et al.,
2008a). Consequently, a generic reaction for the formation of semi-volatile VOC (SVOC)
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Figure 2.2: Partitioning of semi-volatile organic compounds (SVOCs) with total concentra-
tions (in µg m−3) shown with full bars and the aerosol phase fraction with filled (green) bars
at OABG = 0.5 µg m−3 and T = 298 K. The SVOCs are distributed over the volatility bins
according to the yields α1-α4 in Eq. 2.21 and the aerosol phase fraction of each SVOC is
calculated using Eq. 2.22.
species from the reaction of a VOC with an oxidant OX can be formulated:
VOC + OX → α1C1 + α2C2 + α3C3 + α3C3 + α4C4 (2.21)
where α1 − α4 are stoichiometric yields and C1 − C4 the 4 lumped SVOC species character-
ized by different saturation concentrations. We apply this generic reaction to calculate SVOC
formation from terpenes after reaction with O3 and OH (see Table 3.1 and Table 4.1, respec-
tively) and isoprene with OH (Table 4.1). The SVOC yields are strongly dependent on the
gas-phase chemistry that leads to the formation of the SVOC species (Kroll and Seinfeld,
2008). Therefore, in Chapter 4, we account for their dependence on the NOx regime.
In addition, we represent the OA mass already present in the atmosphere by including
a background OA term (OABG) that is assumed to be strongly aged and consequently non-
volatile, so it will not repartition into the gas phase (Cappa and Jimenez, 2010).
At each time step, the total organic aerosol concentration COA is diagnosed by iteratively
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solving the following equations:
COA =
∑
i
(Xp,iCi) + OABG ; Xp,i =
(
1 +
C∗i
COA
)−1
(2.22)
where COA is the total organic aerosol mass concentration (µg m−3), OABG the background
organic aerosol concentration (µg m−3), Xp,i is the fraction of compound i in the aerosol phase
(dimensionless). Partitioning occurs instantaneously, as it is assumed that the SVOCs are in
thermodynamic equilibrium with the aerosol phase. Since partitioning is instantaneous, the
assumption of a well-mixed COA throughout the boundary layer is valid.
Temperature dependence of the saturation concentrations follows Clausius-Clapeyron
(Sheehan and Bowman, 2001):
C∗i = C
∗
i,0
T0
T
exp
[
∆Hvap
R
(
1
T0
− 1
T
)]
(2.23)
in which C∗i,0 is the effective saturation concentration of compound i at reference temperature
T0 (here 298 K), T is the atmospheric temperature (K), ∆Hvap is the enthalpy of vaporization
(kJ mol−1), and R is the ideal gas constant (J mol−1 K−1).
As Eq. 3.2 requires the absolute temperature T , we approximate it in MXLCH-SOA
following T ' θ − gcp · z at half of the BL height, so at z = 0.5 h. The error resulting of not
accounting for the change of T with height is small.
To close this section, we show an example from this thesis of the performance of the VBS
approach. The approach is illustrated in Fig. 2.2 for typical conditions for the case study in
Chapter 3: the distribution of the SVOCs resulting from the oxidation of a generic terpene
TERP is shown and their partitioning at OABG = 0.5 µg m−3 and T = 298 K. It shows that for
bins with C∗i >> COA, only a small fraction of the organics will partition to the aerosol phase.
Another important feature of Eq. 2.22 is that when COA=1, 50% of the organics in the bin
with C∗i =1 is in aerosol phase and the other 50% in the gas phase.
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Combined effects of surface conditions,
boundary layer dynamics and chemistry on
diurnal SOA evolution
We study the combined effects of land surface conditions, atmospheric boundary layer
dynamics and chemistry on the diurnal evolution of biogenic secondary organic aerosol
in the atmospheric boundary layer, using a model that contains the essentials of all these
components. First, we evaluate the model for a case study in Hyytia¨la¨, Finland, and find
that it is able to satisfactorily reproduce the observed dynamics and gas-phase chem-
istry. We show that the exchange of organic aerosol between the free troposphere and the
boundary layer (entrainment) must be taken into account in order to explain the observed
diurnal cycle in organic aerosol (OA) concentration. An examination of the budgets of
organic aerosol and terpene concentrations show that the former is dominated by en-
trainment, while the latter is mainly driven by emission and chemical transformation.
We systematically investigate the role of the land surface, which governs both the sur-
face energy balance partitioning and terpene emissions, and the large-scale atmospheric
process of vertical subsidence. Entrainment is especially important for the dilution of
organic aerosol concentrations under conditions of dry soils and low terpene emissions.
This chapter is published as Janssen et al. (2012).
3. EFFECTS OF SURFACE CONDITIONS, DYNAMICS AND CHEMISTRY ON SOA
Subsidence suppresses boundary layer growth while enhancing entrainment. Therefore,
it influences the relationship between organic aerosol and terpene concentrations. Our
findings indicate that the diurnal evolution of secondary organic aerosols (SOA) in the
boundary layer is the result of coupled effects of the land surface, dynamics of the atmo-
spheric boundary layer, chemistry, and free troposphere conditions. This has potentially
some consequences for the design of both field campaigns and large-scale modeling stud-
ies.
3.1 Introduction
A large part of submicron atmospheric particulate material is organic (Hallquist et al., 2009;
Jimenez et al., 2009). Secondary organic aerosols (SOA) which are formed in the atmosphere
from oxidation of high-volatility precursors are an important contributor to the total organic
aerosol budget. The importance of SOA in new particle formation (Metzger et al., 2010;
Laaksonen et al., 2008; O’Dowd et al., 2002) and the growth of atmospheric particles to
cloud condensation nuclei (Riipinen et al., 2011; Slowik et al., 2010; Tunved et al., 2006)
is well established. Formation of SOA from gas-phase species depends on the emissions of
these species and their processing in the atmosphere. When emitted at the land surface, they
enter into the atmospheric boundary layer (BL), the lowest part of the atmosphere, which is
characterized by strong turbulent motions that are largely influenced by the underlying land
surface and the free troposphere (FT) on top of it (de Bruin, 1983; van Heerwaarden et al.,
2009). Acting as a buffer between the surface processes and the FT, the BL dynamics affect
the processing of aerosol precursor species and the partitioning into the aerosol phase of their
low-volatility reaction products.
Here we aim to systematically study the role of the diurnal variability of dynamics and
chemical transformation on the evolution of organic aerosol. We do this by modeling a case
study and conducting a set of sensitivity analyses using MXLCH-SOA, a coupled model
of BL dynamics, land surface, gas-phase chemistry and gas/particle partitioning, aiming
to determine the role of different processes in controlling the diurnal variability in OA. A
schematic overview of the studied system is given in Fig. 3.1. It is important to note that
we strive for a balance between all relevant components of the system and therefore include
the land surface, BL dynamics, chemistry and gas/particle partitioning in a way that keeps
the essentials of all components. This allows us to systematically study the whole system
in a coupled approach while avoiding excessive complexity. Thus, we expand upon mod-
eling studies that take the diurnal variability of BL characteristics on SOA formation into
account using box models with prescribed diurnal cycles of temperature, humidity, boundary
layer height, and oxidants (Sheehan and Bowman, 2001; Bowman and Karamalegos, 2002;
Dzepina et al., 2009), or applying a fixed BL height, thereby neglecting the effects of entrain-
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Figure 3.1: Scheme of the interactions in and the boundaries of the system studied in this
work. The numbers relate to the forcings of the system that are varied in the sensitivity
analysis. Closed arrows indicate a positive relation, open arrows a negative relation, and
circles relations which can be either positive or negative. Processes are indicated in the
boxes.
ment on BL growth and reactant concentrations (Tunved et al., 2006; Riipinen et al., 2011).
Besides, regional and global chemical transport models used for simulating SOA formation
are usually forced by oﬄine meteorology (Lane et al., 2008a; Slowik et al., 2010; Riipinen
et al., 2011), which hinders the ability to study their sensitivity to meteorological and land
surface boundary conditions. In contrast, in our approach the dynamics and chemistry are
solved simultaneously, which allows for an analysis of different cases in which BL growth
and entrainment are driven by varying land surface and FT conditions. Moreover, in our
approach we are able to explicitly calculate the contributions of the different processes to
the budgets of reactants, since MXLCH-SOA contains basic parametrizations of the relevant
processes based on sound physical and chemical assumptions.
As a first step we validate MXLCH-SOA with observations of BL dynamics and gas-
phase chemistry collected at the SMEAR II measurement station at Hyytia¨la¨, Finland. It is
located in the boreal forest which is an important source of SOA, mainly from terpene oxida-
tion (e.g. Tunved et al., 2006). Then we perform a budget analysis of the main contributions
to terpene and organic aerosol mass in time, including emissions, entrainment, chemistry and
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partitioning. Finally, we analyze the sensitivity of BL organic aerosol evolution to (1) the
land surface conditions, in terms of surface heat flux partitioning which drives the exchange
between the FT and the BL, and terpene emissions and (2) land surface conditions (heat flux
partitioning), entrainment and the large-scale atmospheric process of vertical subsidence as-
sociated with the presence of a high pressure system. The experiments are based on a case
study for the boreal forest region. However, since our focus is on understanding the pro-
cesses that occur in each BL in which SOA formation occurs, we will discuss the general
applicability of the findings for this case study and their implications for field campaigns and
large-scale modeling.
3.2 Methods
In this section we briefly introduce the methods used to represent the BL dynamics and gas-
phase chemistry, including SOA formation through oxidation of volatile organic compounds
(VOCs), in MXLCH-SOA. Furthermore, we describe the case study and the numerical ex-
periments that we performed.
3.2.1 Dynamics of the boundary layer: mixed layer approach
Mixed layer theory (Lilly, 1968; Tennekes, 1973) is an approximation for mixing in the BL
under convective conditions. Under this approximation scalars and chemical species are in-
stantaneously and perfectly mixed throughout the BL due to the high turbulent intensity (Vila`-
Guerau de Arellano et al., 2011). In this way, the mixed layer approach is comparable to a
homogeneous reactive box in which chemical transformations take place. Within this ap-
proach, the BL grows due to the entrainment of dry air at the interface between the FT and
the BL, which is induced by the buoyancy flux at the surface. These processes influence the
concentrations of reactive species due to the fact that the BL becomes higher, which increases
the mixing volume, and because the air that is entrained from the FT typically contains dif-
ferent concentrations of reactive species. The importance of FT–BL exchange for the diurnal
variability of reactants in the Amazon was already suggested by Martin et al. (1988) and
Ganzeveld et al. (2008).
With respect to the surface conditions, the vegetated land surface forms the source of bio-
genic VOCs that are oxidized in the BL to form SOA. NO emissions from the soil influence
atmospheric NOx levels and consequently the formation of the oxidants ozone (O3) and the
hydroxyl radical (OH). In this study, we prescribe surface fluxes of sensible (H) and latent
heat (LE), VOCs and NO. The FT conditions for temperature, moisture and reactants are also
imposed, both in terms of their initial value and, in the case of temperature and moisture,
their lapse rate. Reactive species in the FT are affected by chemical transformations, but have
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an assumed constant concentration profile. More complex assumptions could be made (e.g.
modification of the lapse rate of the reactants due to chemical transformations), but these
would not take away the existing uncertainties, yet would increase the degrees of freedom
of the model. Initial and boundary conditions are obtained from fitting MXLCH-SOA to the
case study observations.
3.2.2 Gas-phase chemistry
The chemical mechanism used to represent the essentials of the O3–NOx–VOC–HOx chem-
istry is given by reactions (R1)–(R19) in Table 3.1. It is based on and further extends the sim-
plified reaction schemes used by Krol et al. (2000) and Vila`-Guerau de Arellano et al. (2011)
with reaction rate coefficients from the International Union of Pure and Applied Chemistry
(IUPAC) Subcommittee for Gas Kinetic Data Evaluation (http://www.iupac-kinetic.
ch.cam.ac.uk/). It is able to capture the essential photochemistry of the main reactive
species in rural and remote areas with low anthropogenic influence. O3 deposition follows a
sinusoidal profile during the day (Table 4.4). In this way, the deposition velocity of O3 scales
with stomatal resistance and LE (e.g. Ganzeveld et al., 2008).
A simple reaction mechanism to simulate SOA formation is introduced in MXLCH. In
this mechanism, semi-volatile compounds that are able to partition into the aerosol phase are
generated by the first step oxidation of terpenes by O3 and OH. Further chemical ageing is not
represented. The SOA-forming reactions are shown in Table 3.1 (Reactions R20 and R21)
and the stoichiometric coefficients in Table 3.2. For all simulations we assumed low NOx
conditions, i.e. that organic peroxy radicals react predominantly with HO2 or RO2 and not
NO, which is a reasonable approximation for the conditions of our study.
All terpenes in our model are assumed to behave as α-pinene with reaction rate coef-
ficients from Atkinson and Arey (2003). The total terpene concentration is the sum of the
measured concentrations of 8 terpenes by Spirig et al. (2004). In the experiments, we used
TERP, a generic terpene with the properties of α-pinene, but with emissions scaled up to
reproduce the total terpene concentration. Hao et al. (2011) showed that for low VOC con-
centrations (<5 µg m−3) the assumption that SOA yields for α-pinene and real plant emissions
are similar is justified. Furthermore, we assumed that aerosol yields from α-pinene with OH
are equal to the better documented yields for ozonolysis of α-pinene. The information on OH
initiated oxidation in the literature is limited. Hao et al. (2011) reported a higher volatility
and thus lower yields from OH dominated chemistry than for O3 initiated oxidation. In con-
trast, there are other experiments which show that OH yields are a little higher than the O3
yields (N. Donahue, personal communication, 2011; Henry and Donahue, 2011). Finally, we
assumed that aerosol formation from isoprene can be neglected due to the low concentrations
of this precursor at our study location (e.g. Spirig et al., 2004).
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Table 3.1: Chemical reaction scheme used in the numerical experiments of MXLCH-SOA. In
reaction rate functions, T is the absolute temperature and χ is the solar zenith angle. First-
order reaction rates are in s−1 and second-order reactions are in cm3 molec−1 s−1. PROD-
UCTS are reaction products which are not further evaluated in the chemical reaction scheme.
In Reaction (R17), n = 0 (no OH-recycling). α1−α4 are stoichiometric coefficients, see Ta-
ble 3.2.
Number Reaction Reaction rate
R1 O3 + hν → O1D + O2 6.62·10−5 · e− 0.575cos(χ)
R2 O1D + H2O → OH + OH 1.63·10−10 · e 60T
R3 O1D + N2 → O3 2.15·10−11 · e 110T
R4 O1D + O2 → O3 3.30·10−11 · e 55T
R5 NO2 + hν → NO + O3 1.67·10−2 · e− 0.575cos(χ)
R6 CH2O + hν → HO2 5.88·10−5 · e− 0.575cos(χ)
R7 OH + CO → HO2 + CO2 2.40·10−13
R8 OH + CH4 → CH3O2 2.45·10−12 · e− 1775T
R9 OH + ISO → ISORO2 1.00·10−10
R10 OH + MVK → HO2 + CH2O 2.40·10−11
R11 HO2 + NO → OH + NO2 3.50·10−12 · e 250T
R12 CH3O2 + NO → HO2 + NO2 + CH2O 2.80·10−12 · e 300T
R13 ISORO2 + NO → HO2 + NO2 + CH2O + MVK 1.00·10−11
R14 OH + CH2O → HO2 5.50·10−12 · e 125T
R15 HO2 + HO2 → H2O2 ∗
R16 CH3O2 + HO2 → PRODUCTS 4.10·10−13 · e 750T
R17 ISORO2 + HO2 → nOH + PRODUCTS 1.50·10−11
R18 OH + NO2 → HNO3 3.50·10−12 · e 340T
R19 NO + O3 → NO2 + (O2) 3.00·10−12 · e− 1500T
R20 TERP + O3 → α1C1 +α2C2 + α3C3 + α4C4 5.00·10−16 · e −530T
R21 TERP + OH → α1C1 + α2C2 + α3C3 + α4C4 1.21·10−11 · e 436T
∗ k = (k1 + k2) · k3; k1 = 2.2·10−13 · e 600T ; k2 = 1.91·10−33 · e 980T · cair; k3 = 1 + 1.4·10−21 · e 2200T · cH2O
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Table 3.2: Stoichiometric coefficients at T = 298 K for the different volatility bins of the SOA
precursor category TERP, with saturation concentration C∗i in µg m
−3 from Tsimpidi et al.
(2010).
i 1 2 3 4
C∗i 1 10 100 1000
αi 0.107 0.092 0.359 0.600
Table 3.3: VOC emissions for the case study. Emissions during the day follow a sinusoid with
the maximum emission flux (µg m−2 h−1) as specified.
ISO α-pinene TERP
101 111 304
Terpene emissions are prescribed with a sinusoidal profile during the day with a maximum
as specified in Table 3.3. The sinusoidal form of the diurnal emission is supported by the
terpene flux measurements of Rinne et al. (2007). The prescribed terpene fluxes lie within
the range of the measurements by Rinne et al. (2007) for similar temperatures and at the
same location, but are higher than the estimates for the same dataset with the mixed layer
gradient method by Spirig et al. (2004). One reason for this discrepancy could be the fact
that the method used by Spirig et al. (2004) did not account for entrainment and therefore
underestimates dilution of the terpenes in the BL.
3.2.3 Organic aerosol formation: gas/particle partitioning
Gas/particle partitioning is dominated by absorption of semi-volatile species into an organic
aerosol phase (Pankow, 1994). We assume that the semi-volatile terpene oxidation prod-
ucts are in thermodynamic equilibrium with the aerosol phase, which means that partitioning
occurs instantaneously. We account for gas/particle partitioning in MXLCH-SOA by imple-
menting the volatility basis set approach (Donahue et al., 2006). This approach lumps the
numerous semi-volatile products that are formed after VOC oxidation into several bins with
logarithmically spaced effective saturation concentrations. The mass yields for the differ-
ent bins are obtained by fitting results from laboratory studies of SOA formation. Here, we
use 4 bins with effective saturation concentrations of 1, 10, 100 and 1000 µg m−3 at 298 K,
encompassing a relevant range of product vapor pressures (Lane et al., 2008a). The mass sto-
ichiometric coefficients for the different bins of the TERP category of the SOA precursors are
taken from Tsimpidi et al. (2010), see Table 3.2. At each time step, the total organic aerosol
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concentration COA is diagnosed from:
COA =
∑
i
(Xp,iCi) + OABG ; Xp,i =
(
1 +
C∗i
COA
)−1
(3.1)
where COA is the total organic aerosol mass concentration (µg m−3), OABG the background
organic aerosol concentration (µg m−3), Xp,i is the fraction of compound i in the aerosol phase
(dimensionless), and C∗i is the effective saturation concentration of compound i (µg m
−3).
Temperature dependence of the saturation concentrations follows Clausius-Clapeyron
(Sheehan and Bowman, 2001):
C∗i = C
∗
i,0
T0
T
exp
[
∆Hvap
R
(
1
T0
− 1
T
)]
(3.2)
in which C∗i,0 is the effective saturation concentration of compound i at reference tempera-
ture T0 (here 298 K), T is the actual temperature (K), ∆Hvap is the enthalpy of vaporization
(kJ mol−1), and R is the ideal gas constant (J mol−1 K−1). Here, we follow Pathak et al. (2007)
and set ∆Hvap to 30 kJ mol−1 for all condensable products.
A background COA of 0.8 µg m−3 and of 0.2 µg m−3 is assumed for the BL and FT, re-
spectively. The BL value is based on the measurements by Raatikainen et al. (2010). These
measurements are made in the canopy and therefore serve as an estimate of the order of mag-
nitude for the BL concentration. Since a FT value is not available from measurements, we
have performed an analysis to determine the sensitivity to the assumed value, presented in
Sect. 3.3.2. The background organic aerosol in BL and FT is assumed to be aged and thus
non-volatile, and will therefore not repartition back into the gas phase (Cappa and Jimenez,
2010).
Figure 3.2 shows the sensitivity of the calculated partitioning coefficient for the first bin
(Xp,1) and COA to variations in T and OABG for a range of typical values for this study. While
the response of Xp,1 to variations in T and OABG is quite nonlinear, especially at low T and
high OABG, the response of COA is nearly linear to changes in OABG. This is due to the
fact that the strongest nonlinear behavior of Xp,1 is found for conditions where OABG makes
up the largest part of COA, and therefore the partitioning of semi-volatile species C1 into the
aerosol phase plays only a minor role in determining COA. The sensitivities of the partitioning
coefficients of the other bins show similar patterns.
3.2.4 Observational evaluation: case study
To evaluate our modeling approach, we selected a dataset of surface and boundary layer char-
acteristics (both dynamics and chemistry) that is as complete as possible. Our assumption of
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Figure 3.2: Sensitivity of the partitioning coefficient of the first bin (Xp,1) and organic aerosol
concentration (COA) to temperature (T) and the background organic aerosol concentration
(OABG). Shades indicate Xp,1 (dimensionless) and the blue contours COA (µg m−3).
a well-mixed boundary layer is justified for sunny days characterized by convective turbulent
conditions. To meet these two requirements, we selected observations from 8 August 2001
at the SMEAR II field station at Hyytia¨la¨ (61◦51′ N, 24◦17′ E) in southern Finland, where
ecosystem, meteorological, trace gas and aerosol properties have been measured since 1996
(Hari and Kulmala, 2005).
Surface fluxes of sensible (H) and latent heat (LE) are measured at 23.3 m by means
of the eddy covariance technique (Mammarella et al., 2009). These observations are used
as forcing for our model and are therefore prescribed as boundary conditions. The model
simulation covers 11 h, beginning at 07:50 LT (sunrise is at 07:30 LT). The diurnal evolution
of temperature, humidity, O3 and NOx, observed at 67.2 m – the highest measurement level
available at 52 m above the canopy – and obtained using the SMEAR SmartSearch database
(Junninen et al., 2009), is used to determine the ability of the model to reproduce the diurnal
variability in the BL. In addition, observations of BL height from temperature and humidity
profiles and BL concentrations of terpenes gathered with a tethered balloon (Spirig et al.,
2004) enable us to complete the validation.
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Table 3.4: The initial and boundary conditions in boundary layer (BL) and free tropo-
sphere (FT) as obtained from fitting MXLCH-SOA to the case study observations. All ini-
tial conditions are imposed at 07:50 LT. Heat fluxes are applied from 07:50 to 18:50 LT with
H = ρcpw
′
θ
′
s and LE = ρLvw
′q′ s. t is the time (s) and td the length of the simulation (s). The
subscripts s and e indicate values at the surface and the entrainment zone, respectively.
Property Value
Initial BL height 200
h (m)
Subsidence rate 0
ω (s−1)
Surface sensible heat flux 0.11 sin(pit/td)
w′θ′ s (K m s−1)
Entrainment/surface heat flux ratio 0.2
β = −w′θ′ e/w′θ′ s (–)
Initial BL potential temperature 288
〈θ〉 (K)
Initial FT potential temperature 288.4
θFT (K)
Potential temperature lapse rate FT 0.0035
γθ (K m−1)
Surface latent heat flux 0.06 sin(pit/td)
w′q′ s (g kg
−1 m s−1)
Initial BL specific humidity 8.0
〈q〉 (g kg−1)
Initial FT specific humidity 6.25
qFT (g kg−1)
Specific humidity lapse rate FT −0.0024
γθ (g kg−1 m−1)
3.2.5 Numerical strategy
We designed a series of numerical experiments to investigate the dependence of the SOA
evolution on the chemical and dynamical processes and their relationships as depicted in
Fig. 3.1. In the first experiment, we study the sensitivity of COA to the surface conditions.
The sensitivity analysis is carried out as a function of the evaporative fraction (EF) and the
terpene emission flux (FTERP) (indicated by (1) in Fig. 3.1). EF is defined as LE/(H + LE),
i.e. it is the fraction of the surface heat flux that is used for evaporation of water from the
surface. In the second experiment, we evaluated the sensitivity of COA to EF and to large-
scale vertical subsidence motions (indicated by (2) in Fig. 3.1). The latter are due to the
presence of synoptic high pressure systems that suppress the BL growth. In these analyses,
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Figure 3.3: Diurnal evolution of (a) surface sensible (H) and latent (LE) heat flux, which are
both prescribed, (b) boundary layer height (h), (c) mixed layer potential temperature (〈θ〉)
and (d) mixed layer specific moisture (〈q〉) for the case study. Dots and crosses indicate
tower (at 67.2 m) and balloon measurements, respectively. Model results are indicated by
lines.
we studied COA at the end of the day (18:50), because then BL growth and entrainment cease
and we can evaluate the net effect of the daytime dynamics, emissions and chemistry.
3.3 Results
3.3.1 Model evaluation
Figure 3.3 shows the time evolution of the dynamic variables for the initial and boundary
conditions as specified in Table 4.3: the surface heat fluxes (H and LE), boundary layer height
(h), mixed layer potential temperature (〈θ〉) and specific moisture (〈q〉). The onset of the
prescribed surface heat fluxes is delayed by about one hour, as compared to the measurements.
By so doing, we ensure that the model calculations begin within the well-mixed assumptions
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Table 3.5: Initial mixing ratios in BL and FT and surface emission fluxes of the reactants
as obtained from fitting MXLCH-SOA to the case study observations. Species in the reaction
mechanism that are not included in this table have zero initial concentrations and zero surface
emissions, except TERP and ISO (see Table 3.3). For the molecules O2 and N2, we have
imposed the values 2·108 and 8·108 ppb, respectively.
O3 NO NO2 CH4 CO
Initial mixing ratio (ppb)
BL 31.0 0.04 0.1 1800. 100.
FT 39.0 0.0 0.2 1800. 100.
Surface emission flux (ppb m s−1) −0.20 sin
(
pit
td
)
4·10−3 0.0 0.0 0.0
when the ground thermal inversion is already broken. Both H and LE fall within the low
end of the observations. This results from fitting the model to observed θ, q and h and could
be due to the different footprints of the heat fluxes and θ and q: H and LE are measured at
23.3 m, while θ and q are observed at 67.2 m, and consequently the measurements of H and
LE represent a smaller area.
The time evolutions of 〈θ〉 and 〈q〉 are reproduced well. This satisfactory agreement of the
〈θ〉 and 〈q〉 evolutions demonstrates that the model is capable of reproducing the entrainment
process well for a given set of surface heat fluxes. Although only one observation is available
at 12:20, the calculated BL height is similar to the measured height of 1000 m.
The diurnal trends in the chemical species (Fig. 3.4), with initial concentrations and sur-
face fluxes as specified in Table 4.4, agree well with the observations. This confirms that the
processes of entrainment, emission and chemistry (see Fig. 3.1) and their influence on the
time evolution of the chemical species are simulated well. The evolution of O3 is the result
of entrainment of O3 from the FT, especially during the rapid growth of the BL during the
morning, a net positive chemical production during the day and its removal by dry deposition.
Averaged over the day, the entrainment flux is about 1.4 times as at large as the deposition
flux, but in the early morning (08:00) the entrainment flux is 8 times larger than the deposi-
tion flux. This is due to the fact that the O3 deposition flux follows a sinusoidal form during
the day (Table 4.4), which has a minimum in the morning. The NOx measurements must be
interpreted carefully since they are probably affected by error in the measurement procedure
(P. Keronen, personal communication, 2011). Possible sources of error are the absence of a
NO2 specific converter in the NOx analyser, which may have biased the observed NO2 con-
centration upwards, and the 100 m sampling line, which may have affected the observed NO
concentrations. NO2 measurements are scaled down to match an observed NO2/NO ratio of 5
as obtained from more reliable measurements in summer 2010 at the same location (P. Kero-
nen, personal communication, 2011). In spite of the large uncertainty regarding the NOx
measurements, we are able to satisfactorily reproduce the order of magnitude of the observed
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Figure 3.4: Diurnal evolution of mixed layer concentrations of (a) O3, (b) NO, (c) OH and
(d) NO2 for the case study. NO2 measurements are scaled down to match the NO2/NO ratio
of 5 obtained during summer 2010 from more reliable measurements than those from August
2001. Dots indicate measurements from the tower at 67.2 m. Model results are indicated by
lines.
NOx concentrations. Calculated OH concentrations range from 4·105 at the end of the day to
4.5·106 molec cm−3 in the late morning. Unfortunately, no observations of OH in the mixed
layer (above the canopy) are available for this environment. Peta¨ja¨ et al. (2009) report an ob-
served diurnal range in in-canopy OH concentrations in the order of 104 to 105 molec cm−3.
BL concentrations are likely higher, because of the higher O3 concentration and light inten-
sity and lower concentrations of VOCs, which deplete OH. We find, however, that COA is not
very sensitive to OH levels. For the case study, increasing the OH concentration by a factor 2
resulted in an increase of COA at the end of the day of only 1 % and reducing it by a factor 2 in
a decrease of 3 %. The reason for this weak sensitivity will be further discussed in Sect. 3.3.3.
Figure 3.5 shows the results for terpenes with emission fluxes as specified in Table 3.3.
MXLCH-SOA is able to reproduce the order of magnitude of the observed concentrations
of both α-pinene and the sum of terpenes (〈TERP〉). Since there are only four data points
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time LT (h)
Figure 3.5: (a) 〈α-pinene〉 and (b) sum of terpenes (〈TERP〉) for the case study. Crosses in-
dicate balloon measurements and model results are indicated by lines. Errors are 100 %
for concentrations lower than 0.03 µg m−3, 50 % for concentrations between 0.03 and
0.15 µg m−3 and 30 % for concentrations higher than 0.15 µg m−3. The conversion factor
from µg m−3 to ppt is 178.
and the error in the individual measurements is large, we cannot draw conclusions on how
well we can reproduce the diurnal evolution of the terpene concentrations from these data.
Typically, terpene concentrations will increase during nighttime (e.g. Ruuskanen et al., 2009)
due to temperature-driven emissions into a BL that is shallow and stably stratified. Besides,
it is characterized by low O3 concentrations and consequently low chemical destruction. A
sensitivity analysis revealed that the diurnal cycle in COA is not very sensitive to the initial
terpene concentration. The reason for this will be discussed further in Sect. 3.3.3.
Overall, comparison of the model results with the observations shows that we can re-
produce the time evolution of the dynamics and the order of magnitude of the gas-phase
chemistry well, which gives confidence in the validity of MXLCH-SOA for further analyses.
3.3.2 Diurnal evolution of organic aerosol
A key aspect of this study is the ability of MXLCH-SOA to model the organic aerosol con-
centration COA as a function of dynamics and chemistry (Fig. 3.1). As expressed in Eq. (4.1),
the background organic aerosol concentration OABG affects COA both directly and indirectly
by influencing the partitioning into the aerosol phase of the semi-volatile reaction products
(Ci) that result from TERP oxidation. Therefore, to understand the diurnal evolution of COA
it is crucial to represent the OABG accurately, both in the BL and the FT, the latter since OABG
44
3.3. RESULTS
4 6 8 10 12 14 16 180.0
0.2
0.4
0.6
0.8
1.0
<C
OA
>(
μg
m-
3 )
0.0
0.2
0.4
0.8
0 6 12 18 240.2
0.4
0.6
0.8
1.0
SV
-O
OA
 (μ
g m
-3 )
¡
¢
time LT (h) 20
time LT (h)
Figure 3.6: Organic aerosol concentration COA for the case study, including the sensitivity to
different FT background OA concentrations (0.0, 0.2, 0.4, 0.8 µg m−3). The inset shows the
diurnal cycle of the measured SV-OOA-concentration, averaged over 15 days.
from the FT is entrained into the BL during its growth.
Unfortunately, there are no observed vertical COA profiles for this environment, which
could help constrain our numerical experiments (Heald et al., 2011). In order to determine
the sensitivity of the diurnal cycle in COA to the FT OABG, we carry out 4 identical numerical
experiments, only varying the OABG in the FT (Fig. 3.6). By so doing, we are able to study
the influence of the OABG in the residual layer (the remainder of the BL from the previous
day) that was decoupled from the nocturnal boundary layer. We included a case for which
BL and FT concentrations are equal. This may not be realistic, because we simulate biogenic
OA only, which has a surface source and thus lower concentrations in the FT; however, the
high FT biogenic OA is shown for illustrational purposes. Since we expect that COA is much
lower in the FT than in the BL, the other three cases represent FT OABG of 0.0, 0.2 and
0.4 µg m−3. For all these cases, we find a net decrease of COA during the day. Without further
observational constraints on the actual FT concentration, we assumed a value of 0.2 µg m−3
for the numerical experiments presented hereafter.
There are only a few measurements of organic aerosol concentrations for the location of
our case study, and as a result we are not able to directly compare modeled with measured
data. There are, however, observations available at the same site that allow us to qualitatively
compare the diurnal behavior of OA. Raatikainen et al. (2010) measured organic aerosol
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Figure 3.7: Contribution of the individual processes to the terpene tendency (Eq. 3.3) for the
case study. (a) total tendency and the individual contributions of emission, entrainment and
chemistry, and (b) the normalized contributions to the chemical terpene loss for the reactions
with O3 and OH.
concentrations at Hyytia¨la¨ during 15 days in spring 2005. They identified two oxygenated
organic aerosol (OOA) groups. One of them, SV-OOA (semi-volatile OOA, formally OOA2),
has a clear diurnal cycle, has undergone little oxidation and is qualified as originating from
local sources, the most likely being the oxidation of locally emitted VOCs based on the ob-
servation that the presence of SV-OOA is independent of air mass history. Therefore, it is
interesting to compare the diurnal cycle of SV-OOA with the simulated COA and we include
the SV-OOA data in Fig. 3.6. The measured SV-OOA shows a similar concentration de-
crease during the day as the modeled COA. This further indicates the need to have a balanced
approach in calculating the COA taking into account emission, dynamical processes like en-
trainment and chemical transformations (Fig. 3.1). The absolute concentrations should be
compared with care, however, since the measurements were performed inside the canopy
while the model results reflect BL averages.
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3.3.3 Budgets
To deepen our understanding of the concentration tendencies, we make use of the ability of
the mixed layer model to calculate the different contributions of entrainment, emissions and
chemistry to the total tendency of chemical species (Tennekes, 1973; Vila`-Guerau de Arellano
et al., 2011), in this case COA and TERP. The TERP budget reads:
d〈TERP〉
dt
=
emission︷            ︸︸            ︷
FTERP
h
sin
(
pit
td
)
+
entrainment︷       ︸︸       ︷
we∆T ERP
h
−
chemistry︷                   ︸︸                   ︷∑
j
k j〈TERP〉〈OX j〉 (3.3)
where FTERP is the maximum daily terpene emission flux (µg m−2 h−1), as specified in Ta-
ble 3.3; h is the BL height (m); t is the time since the start of the simulation (s); td is the
length of the simulation (s); we is the entrainment velocity (m s−1), which in absence of sub-
sidence equals BL growth (dh/dt); ∆T ERP is the TERP concentration jump between the BL
and the FT (µg m−3) (with the jump of a scalar or reactant C defined as ∆C = CFT − 〈C〉,
see also Fig. 3.10); k j is the reaction rate of TERP with oxidant OX j (either O3 or OH); and
〈OX j〉 is the mixed layer concentration of oxidant OX j. Note that h, we, ∆T ERP, 〈T ERP〉
and 〈OX〉 are calculated simultaneously during the MXLCH-SOA runs and therefore account
for the coupling between dynamics and chemistry. This defines the difference between our
approach and using box models with a fixed h or a BL growth calculated from measurements:
here, the development of the BL and entrainment are governed by the diurnal dynamics of
temperature and moisture, through we in the second term on the right hand side (RHS) of
Eq. (3.3), which result from the coupling of the BL with the land surface and the FT.
Figure 3.7 shows the budget of TERP and the relative contributions to the total chemical
tendency of the reactions of TERP with O3 and OH for the case study. Overall, emission and
chemistry contribute about equally to the budget (Fig. 3.7a). The prescribed FTERP is low in
the early morning, but since the BL is still shallow, the emission term contributes strongly
to the TERP budget during the course of the morning and becomes the most important term
with a maximum of 0.4 µg m−3 h−1 at 10:00. After this time, the BL height increases rapidly,
which decreases the importance of this term. The chemistry is dominated by the destruction
by OH (Fig. 3.7b), so the late morning peak in the chemistry term is associated with the
peak in OH that occurs then. The contribution of O3 to the chemical destruction of TERP is
25 % during the day, but becomes dominant in the evening as OH is reduced. Entrainment
contributes significantly to the total tendency between 9 and 12 when BL growth is strongest
with 230 m h−1. The maximum contribution of entrainment to the total tendency of TERP
is about 20 % of the contribution of the emission. During most of the morning, the TERP
tendency is positive, mainly due to the emissions, but at the end of the afternoon the tendency
becomes negative due to the fact that chemical destruction continues while the emissions
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Figure 3.8: Organic aerosol tendency (Eq. 3.4) for the case study. Shown are the total ten-
dency and the contributions of the entrainment of background organic aerosol (OABG), the
entrainment of condensable products from terpene oxidation (Ci), and the chemical produc-
tion of Ci to the tendency.
decrease.
Damko¨hler numbers (the ratio of the turbulent time scale to the chemistry time scale) for
TERP range from 0.05 to 0.2. Under this regime of relatively slow chemistry, the emission
and entrainment (term 1 and 2 on the RHS of Eq. 3.3) play an important role. This fur-
ther confirms the importance of the atmospheric transport and turbulence for the behavior of
TERP.
Similar to Eq. (3.3) for TERP, we can calculate the budget of COA. The derivation of the
COA budget is more complex than that of TERP, so here we show an approximation which is
accurate under the conditions of this study (the full derivation is given in Appendix A):
dCOA
dt
'
OABG-entrainment︷       ︸︸       ︷
we∆OABG
h
+
∑
i
Xp,i

Ci-entrainment︷ ︸︸ ︷
we∆Ci
h
+
Ci-chemistry︷                       ︸︸                       ︷∑
j
αik j〈T ERP〉〈OX j〉
 . (3.4)
Here, ∆OABG is the jump in the background organic aerosol concentration between the BL
and the FT (µg m−3), ∆Ci the concentration jump of the oxidized semivolatile product Ci, and
αi the stoichiometric coefficient for Ci (see Table 3.2).
Note that for the COA budget, contrary to the TERP budget, there is no emission term
since the aerosol is either of secondary origin or present as a background concentration. This
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is justified since our budget is focused on the submicron OA concentrations, while primary bi-
ological particles (PBAP) are thought to be important only for the supermicron mode (Po¨schl
et al., 2010).
The evolution of COA is thus the result of a combination of the influence of the OABG orig-
inating from the FT and the newly formed condensable species from the oxidation of TERP
(Fig. 3.5b). Entrainment of background OA dominates the budget of COA (Fig. 3.8): dur-
ing the morning, the OA that was concentrated in the shallow BL during the night is diluted
when the BL grows and air from the FT with a lower OABG concentration is entrained. The
importance in our simulations of the background OA level in the FT stresses the importance
of having upper air measurements (Heald et al., 2011) to understand the evolution of COA
in the BL. The semi-volatile products Ci have net production throughout the day, but their
contribution to the COA budget is relatively small. Only at the end of the day (from 15:30
onwards) is there a net positive tendency of COA, since the BL growth becomes negligible
and the partitioning of terpene Ci to the particle phase outweighs the entrainment term.
These tendencies show that for TERP and COA emissions, chemistry and entrainment play
a different role, which is important in understanding the results of the sensitivity analyses,
presented in Sect. 3.3.4. Since TERP is a reactive species with a relatively short lifetime and
no background concentration, the relative importance of chemistry in its budget is larger than
for OA, which does have a long lived background with a typical lifetime of a week.
To quantify the importance of the newly formed SOA from TERP oxidation (OATERP)
versus the OABG that is initially present and mixed in from the FT, we define a fresh SOA to
background OA ratio:
rFB =
OATERP
OABG
. (3.5)
This ratio can be interpreted as follows: for rFB1 the OABG dominates and the COA
will be determined by the dilution of this background organic aerosol. When rFB∼1, there
is an equal contribution of background and newly formed OA. For rFB1, the COA is de-
termined completely by the formation of SOA during the day. However, values of rFB1
are not expected to be common, since the partitioning of the semi-volatile products into the
aerosol phase depends on OABG (see Eq. 4.1 and Fig. 3.2). For an initial OABG in the FT of
0.2 µg m−3, the rFB = 0.22 at 18:50. This further demonstrates the dominating effect of the
background aerosol on the COA in the BL for the case study.
3.3.4 Sensitivity analysis
Response of COA to land surface conditions
As shown in the previous budget analyses, it is important to reproduce accurately both the BL
dynamics and chemistry tendency, since they together determine the concentration of a given
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Figure 3.9: (a) Sensitivity of organic aerosol concentration COA and TERP concentration at
18:50 LT to terpene emission (FTERP) and evaporative fraction (EF). Shades indicate organic
aerosol concentration COA (µg m−3), the red contours the TERP concentration (µg m−3), and
the blue contours the partitioning coefficient Xp,1. The black line indicates the conditions for
which the COA at the end of the day equals the initial concentration, and the asterisk indicates
the conditions for the case study. (b) Sensitivity of organic aerosol concentration COA and
the OA chemistry background ratio rFB at 18:50 LT to FTERP and EF. Shades indicate COA
(µg m−3) and the blue contours rFB. The black line indicates the conditions for which the
COA consists of equal parts of OATERP and OABG (rFB = 1), and the asterisk indicates the
conditions for the case study.
species. We therefore extend our analysis to analyze the role of land surface in driving both
dynamics and chemistry. The land surface determines how much terpenes are emitted and
into what size mixing volume by regulating the partitioning between sensible and latent heat
flux (see Fig. 3.7 of the TERP budget). The partitioning of the heat flux governs the growth
of the BL, with a much
larger growth when sensible flux dominates over latent heat flux (EF∼0), i.e. for dry sur-
face conditions. Under these conditions, the sensible heat flux will strongly heat the BL,
which decreases the temperature jump between the BL and FT. This further facilitates the en-
trainment of warm air from the FT into the BL, which subsequently enhances the BL growth.
Conversely, the BL grows less rapidly when the latent heat flux dominates (EF∼1) under very
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moist surface conditions. This is due to the fact that for a high EF, most available energy is
used to evaporate water from the surface and there is little left for BL growth. In Fig. 3.10,
typical vertical profiles of θ and q are sketched, to illustrate these effects. Therefore, our first
sensitivity analysis addresses the role of different combinations of evaporative fraction (EF)
and terpene emission flux (FTERP) on the diurnal evolution of COA. We explore the com-
plete range of possible conditions of EF: from a BL driven solely by the sensible heat flux
(EF = 0) to a BL driven only by the evaporation flux (EF = 1). Similarly, FTERP ranges from
0 to 1 mg m−2 h−1, which encompasses the range of terpene fluxes observed at the SMEAR II
station (Rinne et al., 2007).
Figure 3.9a shows the calculated COA and TERP concentration at 18:50. The conditions
of EF and FTERP for the case study discussed above are indicated in the figure. As expected,
COA always increases with larger FTERP due to the higher formation rate of biogenic SOA. It
also increases with EF, because shallower boundary layers, weaker entrainment and thus less
mixing of FT air with low OA concentrations occur when the land surface is dominated by
the evaporation flux. The effect on temperature acts in the same direction, i.e. a higher EF
leads both to a lower sensible heat flux into the BL and to less entrainment of relatively warm
free tropospheric air. Consequently, the temperature in the mixed layer becomes lower. The
temperature decreases by 6 K in the experiment going from EF = 0 to EF = 1. Because of
the lower temperatures, more semi-volatile material will partition into the aerosol phase, but
this has only a minor effect compared to the changes in dilution. This becomes clear from
the partitioning coefficient Xp, which is shown together with COA in Fig. 3.9a for the semi-
volatile product C1. Xp depends on COA and T, following Eqs. (4.1) and (3.2). Here, we find
that Xp closely follows the behavior of COA, and only a slight deviation from this pattern is
caused by the dependence of Xp on T . The T dependence is the most pronounced for low EF,
when a large sensible heat flux leads to a larger heating of the BL and consequently a large
entrainment of relatively warm air from the FT.
Based on the relationship between COA and TERP concentration, we can distinguish 2
different regimes: one characterized by soils with low moisture content (EF <0.5) and low
terpene emissions (FTERP <0.6) and another characterized by high moisture content (i.e. wet
soil) and strong terpene emissions. Dry soil causes larger sensible heat fluxes, which lead
to rapid BL growth and enhance dilution of COA due to entrainment of air from the FT.
For TERP, on the other hand, the entrainment term has a minor contribution to the total
tendency (due to the shorter lifetime of this species), which is dominated by the emissions
and the chemical destruction (see Fig. 3.7). Since COA and TERP are dominated by different
processes in this regime, their tendencies are not strongly related. In this regime, the role of
entrainment will dominate over that of chemistry.
For a wet soil (EF >0.5) and high emissions (FTERP >0.6), on the other hand, we are in
a regime where chemistry plays a larger role in determining the tendency of COA. Here, the
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Figure 3.10: Sketches of the vertical profiles of θ, q, θv and COA at the end of the day (18:50),
in cases of subsidence and no subsidence. A ∆ indicates the jump of a scalar or reactant C
defined as ∆C = CFT − 〈C〉 and a γC the lapse rate of a scalar C in the FT.
larger emission contributes more to the COA tendency, while the low sensible heat flux results
in weak BL growth and entrainment. The combined effect of higher emissions into shallower
BL causes a significant contribution of chemistry to the COA tendency. Only in the upper
right corner of Fig. 3.9 do we find conditions for which there is a net increase of COA during
the day, since here condensation outweighs entrainment. These conditions are delimited by
the black contour. In this regime, COA and TERP are strongly related since there the influence
of entrainment is relatively small.
The consequences of this sensitivity of COA for conditions of the case study can be de-
duced from Fig. 3.9a. COA at a terpene emission flux of 304 mg m−2 h−1 ranges from 0.30
to 0.62 µg m−3, a difference of a factor of 2, while the EF increases from 0 to 1. For a con-
stant EF of 0.25 and FTERP ranging from 0 to 1 mg m−2 h−1, COA could range from 0.26 to
0.49 µg m−3, a difference of almost a factor of 2. On the other hand, in the dry regime with
a low emission there is a large range of conditions of EF and FTERP which can lead to a cer-
tain observed COA. An observed COA of 0.31 µg m−3, as in the case study, could result from
EF = 0 and FTERP = 0.4, but also from EF = 0.9 and FTERP = 0.
Figure 3.9b shows the behavior of rFB as a function of EF and FTERP. The entrainment and
chemistry limited regimes are also well developed here: for low EF and FTERP the background
aerosol dominates, while for wet soils (EF > 0.3) and FTERP > 0.4, rFB becomes larger than 1,
meaning that there is more OATERP present than OABG. There is a wide range of conditions
for which they are equally important: from EF = 1 and FTERP ∼ 0.4 to EF ∼ 0.3 and
FTERP = 1.
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Combined response of COA to subsidence and land surface conditions
As indicated in Fig. 3.1 and in order to complete our analysis, it is interesting to analyze the
role of subsidence because on summer days, high pressure systems typically prevent the BL
growth by inducing downward air motions. This was, for example, the case over Finland
during the HUMPPA-COPEC campaign in summer 2010 (Williams et al., 2011). Further,
the soil moisture content determines the partitioning of the surface heat fluxes and thus the
energy that is available for BL growth and entrainment.
To understand the influence of subsidence, it is important to note that its effect is twofold:
it suppresses BL growth while simultaneously enhancing entrainment. The suppression of
BL growth becomes clear when looking at the equation for BL growth, which is the net result
of the entrainment velocity we on one hand and the subsidence velocity ws on the other:
dh
dt
= we + ws. (3.6)
In the analysis, we prescribe the large-scale subsidence rate (ω (s−1)), defined as the
divergence of the horizontal mean wind. It can be thought of as the fraction with which the
BL is pushed down each second due to large-scale vertical subsiding motions. The subsidence
velocity (ws (m s−1)), with a typical order of magnitude of 10−2 m s−1, is therefore in our
modeling approach represented as:
ws = −ω h. (3.7)
To understand the effects of subsidence on entrainment, we need to analyze the expression
to calculate we. It is a function of the buoyancy flux and the virtual potential temperature jump
between the BL and the FT (∆θv) (van Heerwaarden et al., 2009):
we =
β(w′θ′v)s
∆θv
(3.8)
where β is the (fixed) ratio between the entrainment and surface buoyancy flux (dimension-
less), (w′θ′v)s is the surface buoyancy flux (K m s−1), and ∆θv is the jump of the virtual poten-
tial temperature between the BL and FT, defined as:
∆θv = ∆θ + 0.61(〈q〉∆θ + 〈θ〉∆q + ∆θ∆q) (3.9)
' ∆θ + 0.61〈θ〉∆q
where ∆θ and ∆q are the differences in θ and q between the BL and the FT, respectively.
Figure 3.10 shows sketches of typical vertical profiles of θ, q, θv and COA for conditions with
and without subsidence to illustrate these effects.
For a constant EF, the buoyancy flux and therefore the numerator in Eq. (3.8) remain
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Figure 3.11: (a) Sensitivity of organic aerosol concentration (COA), BL height (h) and TERP
concentration at 18:50 LT to subsidence and evaporative fraction (EF). Shades indicate COA
(µg m−3), the blue contours h (m), and the red contours TERP concentration (µg m−3). (b)
Sensitivity of COA and the the OA chemistry background ratio (rFB) at 18:50 LT to subsidence
and evaporative fraction (EF). Shades indicate COA (µg m−3) and the blue contours rFB (–).
The asterisk indicates the conditions for the case study.
constant. Consequently, subsidence only affects we through ∆θv. In case of subsidence,
the same amount of sensible heat is introduced into a shallower BL, so 〈θ〉 increases and
∆θ decreases. The specific moisture (〈q〉), however, decreases with subsidence, because the
increase in moisture due to evaporation into a smaller mixing volume is offset by the enhanced
entrainment of dry air. ∆q is therefore smaller in the case with subsidence. Taken together,
these effects result in a smaller ∆θv in the case of subsidence: the effect of ∆θ on ∆θv is only
partly compensated by the effect of ∆q through the second term on the RHS of Eq. (3.9). In
all our experiments, we find that we is enhanced when subsidence increases. This means that
the enhanced entrainment due to a stronger heating of the BL is further enhancing itself by
diminishing ∆θv. For EF = 1, the daily average we ranges from 1 cm s−1 when there is no
subsidence to 2 cm s−1 for ω = 1·10−4 s−1.
Figure 3.11a shows the sensitivity of COA to EF, ranging from 0 to 1, and subsidence
ranging from no subsidence (ω = 0 s−1) to strong subsidence (ω = 1·10−4 s−1). By increasing
EF, BL height decreases and both COA and TERP concentration increase. As in the previous
sensitivity analysis, the highest sensitivity is found for wet soils. BL height decreases rapidly
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when EF > 0.8, which leads to an increase of COA by ∼ 50 % over the whole subsidence
range, e.g. from 0.31 to 0.44 µg m−3 at ω = 5·10−5 s−1. TERP concentration doubles for an
EF ranging from 0.8 to 1.0, e.g. from 0.24 to 0.48 µg m−3 at ω = 5·10−5 s−1. However, COA
decreases while TERP concentrations increase with stronger subsidence. For COA, this is
because there is a stronger dilution due to entrainment with increasing subsidence. Since OA
has a large background fraction compared to the production of SOA from TERP (Fig. 3.8),
the enhanced dilution means that COA decreases despite the lower BL height. TERP concen-
trations, on the other hand, increase with larger subsidence values, because they are emitted
into a shallower BL. Enhanced entrainment partly compensates for this, but has only a small
effect on the TERP concentration due to the relatively short lifetime of this species (see also
Fig. 3.7). The consequence is that under all conditions considered in our case study, the
behavior of COA is unrelated to that of TERP, due to the different roles that entrainment,
emission and chemistry have on their respective budgets.
Figure 3.11b shows the behavior of rFB for varying subsidence and EF. rFB is always
below 1, because of the low formation of OATERP due to a low FTERP. It increases with
EF, because both COA, which enhances the partitioning into the aerosol phase, and TERP
increase. For a changing ω and low EF (< 0.8), it decreases with increasing ω, because the
enhanced dilution of OABG affects the partitioning negatively. For EF > 0.8, however, rFB
shows some interesting nonlinear behavior: at ω = 4·10−5, rFB has a maximum, because there
the combination of a high TERP concentration and a high Xp, caused by high COA, result in
the partitioning of a large fraction of Ci into the aerosol phase.
3.4 Conclusions
We have studied the integrated effects of land surface, chemistry, and entrainment on the
diurnal evolution of SOA, using MXLCH-SOA, a model that reproduces the dynamics of a
diurnal convective atmospheric boundary layer and the chemical transformations of terpenes
and their oxidants that lead to SOA formation (Fig. 3.1).
MXLCH-SOA is able to reproduce the diurnal variability of SOA production and relate
it with the observed dynamics and gas-phase chemistry for a characteristic case study in the
boreal forest. Our findings indicate the importance of including entrainment to explain the
observed diurnal cycle in SOA concentration, and suggest that entrainment may contribute
ten times more to the total tendency than SOA production during daytime. This contribution
is due to a large volume of air that is entrained from the residual layer during the rapid
growth of the boundary layer in the morning. A sensitivity analysis further suggests that the
boreal forest is in a regime where relatively low terpene emissions are the limiting factor for
SOA formation. For environments or situations with wet soils and high VOC emissions, e.g.
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the tropics, the effects of entrainment may be weaker, and the SOA concentration and VOC
concentration may therefore show a stronger relationship. Furthermore, we also find that
under conditions of subsidence there is no straightforward relation between organic aerosol
concentrations and terpene concentrations.
Measured SOA and VOC concentrations are the net result of emissions, chemistry and
dynamics. To interpret these measurements, it is important to include observations of all of
these components in the design of field campaigns. More specifically, the role of the increase
of SOA during the night both in the residual layer and in the nocturnal stable boundary layer
will be an important factor to understand, since for most studied situations, the SOA evolution
during daytime is mainly driven by entrainment. Therefore, it is essential to have early morn-
ing profiles of COA to characterize both the initial concentration in the nocturnal stable BL
and the organic aerosol that has built up in the residual layer, because this will be entrained
into the convective boundary layer during the morning. Further, to understand ambient SOA
concentrations it may be equally important to characterize BL height and entrainment as it is
to understand the temperature dependence of the saturation concentration of the semi-volatile
species.
Our findings are also important for regional and global modeling studies: the strong sensi-
tivity of COA to land surface and FT conditions means that uncertainties in the representation
of these components may strongly affect the simulated COA. To model COA accurately, large-
scale models should be able to reproduce the coupling between the land surface, boundary
layer dynamics, free troposphere conditions and chemistry and the resulting behavior of or-
ganic aerosol and terpene concentrations as presented in the sensitivity analyses. Due to the
wide range of conditions under study (Figs. 3.9 and 3.11), our findings can be used to quan-
tify the uncertainty that arises from inaccurately representing these processes in large-scale
models. Besides, our results indicate that box models are only applicable for studying ambi-
ent SOA formation when they account for boundary layer growth and entrainment and when
background organic aerosol levels are well constrained.
Future research on the diurnal evolution of SOA concentrations will include an interac-
tive land surface, since both surface heat fluxes (van Heerwaarden et al., 2009) and terpene
emissions (Guenther et al., 1995; Niinemets et al., 2010) are the result of the interaction of
the BL with the land surface.
In summary, our findings indicate that in order to understand the diurnal evolution of SOA
in the boundary layer the coupled effects of the land surface, dynamics of the atmospheric
boundary layer, chemistry, and free troposphere conditions should be studied simultaneously.
A balanced representation of all these processes should be considered when preparing and
conducting both field campaigns and modeling.
Appendix: Derivation of the COA budget
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We derive the budget equation of COA by taking the time derivative of Eq. (4.1):
dCOA
dt
=
dOABG
dt
+
∑
i
[
Xp,i
dCi
dt
+ Ci
dXp,i
dt
]
. (3.10)
If Ci
dXp,i
dt Xp,i dCidt , which is the case for our case study, the former term can be ignored and
then Eq. (3.10) reduces to:
dCOA
dt
' dOABG
dt
+
∑
i
Xp,i
dCi
dt
. (3.11)
The individual terms can be further written out as:
dOABG
dt
=
entrainment︷       ︸︸       ︷
we∆OABG
h
(3.12)
dCi
dt
=
entrainment︷ ︸︸ ︷
we∆Ci
h
+
chemistry︷                      ︸︸                      ︷∑
j
αik j〈TERP〉〈OX j〉 . (3.13)
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4
Influence of meteorological forcings and
isoprene chemistry on the organic aerosol
budget in a tropical forest
We study the organic aerosol (OA) budget in a tropical forest by analyzing a case that
is representative for the OP3 campaign at Borneo. A model is designed that aims for a
balanced representation of the chemical and meteorological processes that drive the di-
urnal evolution of reactants in the atmospheric boundary layer (BL). The model is able to
reproduce the observed diurnal dynamics of the BL, including the evolution of most chem-
ical species involved in secondary organic aerosol (SOA) formation. A budget analysis
reveals a clear signal of the entrainment process in the diurnal evolution of SOA. Fur-
ther, we perform a series of sensitivity analyses to determine the effect of meteorological
forcings and isoprene chemical pathways on the OA budget. Subsidence and advection
of cool air have opposing effects on the OA concentration, although both suppress BL
growth. Recycling of the OH radical in the oxidation of isoprene may affect the amount
of SOA that is formed, but must be understood better before its impact can be definitely
This chapter is based on: R. H. H. Janssen, J. Vila`-Guerau de Arellano, J. L. Jimenez, L. N. Ganzeveld,
N. H. Robinson, J. D. Allan, H. Coe and T. A. M. Pugh, Influence of meteorological forcings and isoprene chemistry
on the organic aerosol budget in a tropical forest, submitted to J. Geophys. Res.
4. ORGANIC AEROSOL BUDGET IN A TROPICAL FOREST
determined. SOA formation from isoprene is calculated for both the low- and high-NOx
pathway, with the latter dominating the isoprene peroxy radical chemistry. Further, we
implement a parametrization that accounts for the effect of the NO2 /NO ratio on isoprene
SOA formation. In a final analysis, we study the significance of SOA formation through
the reactive uptake of isoprene epoxydiols (IEPOX) on acidic sulfate aerosol. Despite the
incorporation of these new pathways, the OA concentration is systematically underesti-
mated by about a factor of 2.
4.1 Introduction
Tropical forests are potentially an important source of biogenic secondary organic aerosol
(SOA), due to high emissions of isoprene and terpenes (Langford et al., 2010; Karl et al.,
2007) and potentially high concentrations of their most important oxidant, the hydroxyl rad-
ical (OH) (Lelieveld et al., 2008). Recently, a number of measurement campaigns have
been conducted to gain insight in the sources and formation mechanisms of SOA in forests
in Amazonia (AMAZE, Chen et al., 2009), West-Africa (AMMA, Capes et al., 2009) and
South-East Asia (OP3, Robinson et al., 2011a,b, 2012). When interpreting observations
made in the atmospheric boundary layer (BL) during these campaigns, it is important to
realize that the evolution of chemical species in the BL is a function of chemical conversion,
emission/deposition, advection and the vertical exchange of compounds between the free
troposphere (FT) and the BL driven by entrainment (Vila`-Guerau de Arellano et al., 2009;
Ouwersloot et al., 2012) and gas/particle partitioning in case of SOA. In addition, subsidence
and advection of heat and moisture influence the growth of the BL and therefore modify
its dilution capacity and the exchange of species between the BL and FT, as controlled by
entrainment (Ouwersloot et al., 2012). Here, we investigate the diurnal budget of OA by
combining a model with observations from the OP3 campaign.
There is still a considerable gap between the understanding of ambient biogenic SOA
and the ability of models to reproduce its observed concentration. Both Capes et al. (2009)
and Chen et al. (2009) underestimated SOA concentrations in isoprene-dominated tropical
environments but could not rule out the possibility of canceling errors, due to the limited
observational constraints on these estimates. These sources of uncertainty were the identifi-
cation and emission rates of biogenic SOA precursors, SOA formation mechanisms, oxidant
concentrations, the SOA particle mass yields, the influence of vertical mixing and advection,
and the unknown contribution of the background OA concentration (OABG). On the other
hand, Slowik et al. (2010) were able to reproduce observed OA concentrations in a rural en-
vironment dominated by terpene emissions. Sjostedt et al. (2011), however, underestimated
OA compared to the measurements in an environment where isoprene was more abundant,
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both using the same model as Slowik et al. (2010) and an approach based on VOC destruction
rates.
The underestimation of modeled OA in environments with high isoprene emissions may
be due to a lack of understanding of the chemical pathways that lead to the formation of SOA
from isoprene (ISOA). Current parameterizations of ISOA formation are therefore subject to
large uncertainties (Carlton et al., 2009). More specifically, Surratt et al. (2010) suggested
that peroxy methacryloyl nitrate (MPAN) and isoprene epoxydiols (IEPOX) are important
intermediate gas-phase species under high- and low-NOx conditions, respectively. The mech-
anisms of SOA formation through these reaction pathways have only recently started to be
explored (Paulot et al., 2009; Surratt et al., 2010; Chan et al., 2010; Lin et al., 2012b).
Another issue related to isoprene chemistry in tropical forests, is the mismatch between
measurements and theoretical calculations of OH concentrations, which has been attributed
to regeneration of OH in the oxidation of isoprene (Lelieveld et al., 2008). Several mecha-
nistic pathways leading to OH recycling have been proposed, but none of them has been able
to explain the gap between measurements and models (Stone et al., 2011). Taraborrelli et al.
(2012) recently formulated a detailed mechanism for isoprene oxidation by assembling and
completing several previously proposed mechanisms, with which they were able to reproduce
OH concentrations under pristine tropical conditions to within the bounds of the measurement
uncertainty. Another point of view was presented by Mao et al. (2012), who suggested that
the high observed OH concentrations may be the result of a measurement artifact. Their find-
ings, however, are very much dependent on instrument design and environmental conditions.
The effect of OH recycling on SOA formation has so far been subject of only one study (Lin
et al., 2012a) and it is still unclear how the formation of ISOA forming products depends on
OH concentrations (Carlton et al., 2009).
The OP3 campaign provides a challenging case since the aerosol at Borneo is influenced
by complex terrain and multiple sources. The measurement tower is located on top of a 200
m hill, which means that it could be influenced by anabatic flows, which are upslope flows
driven by heating of the slope by insolation (e.g. Thunis and Bornstein, 1996). The proxim-
ity of the coast means that the site may be influenced by sea breeze circulations (Robinson
et al., 2012) and heterogeneities at smaller spatial scales can induce advection of heat, mois-
ture and chemical species (Ouwersloot et al., 2011). Moreover, the aerosol has multiple
sources: Robinson et al. (2012) investigated the effect of the island on the vertical distribu-
tion of aerosol through the troposphere, based on aircraft observations and showed that air
is enriched in OA as it passes over the island, which indicates a large on-island source of
biogenic SOA. An analysis of air mass back trajectories for the site based on ECMWF wind
fields, however, revealed that during the campaign there was no period during which the rain
forest was the only source of aerosol and that significant levels of (off-island) sulfate aerosol
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Figure 4.1: Conceptual representation of the main dynamic and chemical contributions to
the organic aerosol budget during the OP3-campaign and sketches of typical vertical profiles
of potential temperature (θ), specific humidity (q) and organic aerosol concentration (COA).
were transported to the site (Robinson et al., 2011b). This is in contrast with the Amazon,
which experiences periods with predominant in-basin influences during which biogenic SOA
dominates the aerosol mass (Chen et al., 2009).
Extending on the work of Robinson et al. (2011b, 2012), we focus on the interpretation of
ground-based OA measurements made during OP3 and how various dynamic and chemical
terms contribute to the aerosol budget. A schematic overview of these factors is presented
in Fig. 4.1. We aim for an integrated and balanced approach, by accounting for atmospheric
processes acting on different spatial scales and for chemical processes, related to both gas-
phase and secondary aerosol chemistry and partitioning. In our study we overcome some
of the previously mentioned issues by prescribing VOC emissions as constrained by above-
canopy flux measurements, by accounting for entrainment and by performing an experiment
in which OH concentrations are matched with observations by including OH regeneration in
isoprene oxidation in the model. Since this case is well-constrained with data it gives the
opportunity to assess which processes contribute most to these large uncertainties and we
shed some light on some other factors that are not that well-constrained and are yet uncertain
or difficult to estimate, for example subsidence.
To this end, we use MXLCH-SOA, a 0-D model for the dynamics of the convective
boundary layer which includes gas-phase chemistry and gas/particle partitioning (Janssen
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et al., 2012). The model is updated to include SOA from isoprene using the volatility basis
set (VBS) approach. After examining the complete data set, we select a representative case
study, discuss the performance of the model when compared to the case study observations
and show the contributions of several factors to the budget of OA and its precursors. Then, we
analyze the impact of large-scale meteorological forcings on the OA concentration, discuss
the potential role of OH recycling in SOA formation, discuss the influence of NO2/NO ratio
on the formation of MPAN SOA, and analyze the formation of SOA from IEPOX. The latter
has been suggested to yield a specific tracer (hereinafter called 82Fac) (Lin et al., 2012b) that
is present in the OA observed by an aerosol mass spectrometer (AMS) at Borneo (Robinson
et al., 2011a).
4.2 Methods
4.2.1 Observations of the diurnal variability during OP3
Data gathered during the OP3 campaign enable us to study the diurnal variation of atmo-
spheric compounds modulated by surface and BL processes. OP3 was conducted in Malaysia
in 2008 (Hewitt et al., 2010) and here we use data from OP3 III (23 June to 20 July) at the
Bukit Atur Global Atmospheric Watch station, located in the Danum Valley rain forest con-
servation area in Sabah, Borneo (4◦58′ N, 117◦50′ E, 426 m a.s.l.). The site was located in a
clearing at the top of a 200 m hill, above most of the surrounding forest. The observations
were made from a measurement tower of 100 m on top of this hill and measurement heights
in this paper are indicated as height relative to the base of the tower. Figure 4.1 shows a
schematic overview of the measurement setting and processes that potentially influence the
formation and evolution of local OA.
Figure 4.2 shows mean diurnal cycles during OP3 III, based on half-hourly averages
over a period of 4 weeks. It includes the most representative dynamic, surface and chem-
istry variables, as represented by potential temperature (θ), isoprene flux (FIS O), isoprene
concentration (ISO) and concentration of OOA2, an oxidized organic aerosol (OOA) factor,
respectively. θ rises during the day due to the sensible heat flux and entrainment of warm air,
FIS O follows a diurnal cycle driven by temperature and light intensity (Langford et al., 2010),
ISO follows FIS O, but is also modified by chemical transformations and BL dynamics, and
the full complexity of the behavior of OOA2 is under study here.
We selected one representative day for which we initialize and evaluate the diurnal evo-
lution of chemistry and dynamics of our model with observations: 7 July 2008. To determine
the representativeness of this specific day for a typical day at the measurement site during
OP3 III, we compared observations from this day to the campaign mean (Fig. 4.2). Similar
diurnal trends are present in the data of the case study and in the campaign averages. Ad-
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Figure 4.2: Campaign mean and case study diurnal evolution of measured a) potential tem-
perature (θ), b) isoprene emission flux (FIS O), c) isoprene concentration (ISO) and d) con-
centration of the SV-OOA factor (OOA2). The error bars indicate the standard deviation.
ditionally, the observations from the case study fall within the standard deviation of these
averages, except for OOA2 in the afternoon.
Furthermore, the selection of this day is based on the relatively smooth evolution of the
surface heat fluxes during this day, which ensures convection and turbulent mixing occur-
ring throughout the BL. Additionally, the observed diurnal cycle of the ozone photolysis rate
jO1D followed the theoretical clear sky diurnal evolution relatively smoothly compared to
other days during the campaign, although there were some fluctuations, probably caused by
clouds (not shown). These conditions were valid until ∼14:00 LT. After 14:00, tempera-
ture dropped drastically and also moisture and concentrations of chemical species suddenly
changed. Possible explanations for such behavior are the formation of clouds or the arrival
of the sea breeze at the site. To avoid the complex transport and chemistry associated with
the presence of clouds on top of the BL, we finalize our analysis at 14:00 and focus on the
period with strong boundary layer growth and OA formation. The validity of the assumption
of a well-mixed layer during this day is further supported by vertical profiles of O3 and NOx,
which were obtained by measuring these species at several heights between 5 and 75 m (not
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Figure 4.3: Vertical wind speed w at 850 hPa at 14:00 LT on 7 July 2008 and 120 (dashed
lines) and 36 h (solid lines) air mass back-trajectories arriving at Bukit Atur at 08:00 (black)
and 14:00 (green), respectively, at a pressure altitude of 925 hPa. Note that positive values
of vertical wind speed reflect subsidence, since it is expressed in units of pressure. Both
are based on ECMWF wind fields with a resolution of 1.125◦×1.125◦. The inset shows the
pressure level of the back-trajectories with the dotted line indicating their arrival time over
land.
shown). Especially from 45 m upwards, O3 and NO2 measurements are very similar at dif-
ferent heights, indicating that above this height we are probing mixing ratios within the BL.
On the other hand, this means that observations below 45 m could be in the surface layer and
may therefore deviate from mixed-layer values.
Finally, an important reason for the selection of this day is the availability of the most
complete data set of dynamics, gas-phase chemistry (most importantly VOCs and oxidants)
and OA. Upper air observations of OA concentrations are potentially very useful for under-
standing the evolution of OA in the BL (Janssen et al., 2012). While several vertical profiles
of OA over the measurement site have been obtained, unfortunately no flight was carried out
on this particular day (Robinson et al., 2012). Therefore, we use observations from other
days to get an estimate of FT OA concentrations.
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On 7 July 2008, the measurement site was influenced by air masses arriving from the
South-East (Fig. 4.3), which means that the air masses were affected by substantial amounts
of both off-island and on-island emissions. Consequently they contained sulfate aerosol from
off-island sources and were affected by isoprene emissions from oil palm plantations located
to the South East of the observational site (see Hewitt et al. (2010) for a detailed land-use
map). The air masses traveled about 7 h over land before arriving at the measurement site.
The pressure altitude during the period over land indicates that the air masses were close
to the surface and within the BL. An additional meteorological factor important for our re-
search is the presence of subsiding air motions. The site and its surroundings were influenced
by subsidence, as can be inferred from ECMWF reanalysis fields of vertical velocity at the
850 hPa level (Fig. 4.3). The downward movement of air with 0.2 Pa s−1 over Bukit Atur
corresponds with a vertical velocity of -2 cm s−1.
4.2.2 Description of MXLCH-SOA
A full description of MXLCH-SOA is given in Janssen et al. (2012) and references therein.
In short, it describes the dynamics of a convective BL, which is considered to be well-mixed
(Tennekes, 1973), coupled to a reduced chemistry scheme which contains the essentials
of the O3-NOx-VOC-HOx system (Vila`-Guerau de Arellano et al., 2011) and gas/particle-
partitioning using the VBS approach (Donahue et al., 2006). At each time step, the total
organic aerosol concentration COA is calculated from:
COA =
∑
i
(Xp,iCi) + OABG ; Xp,i =
(
1 +
C∗i
COA
)−1
, (4.1)
where COA is the organic aerosol mass concentration (µg m−3), Xp,i is the fraction of semi-
volatile compound i in the aerosol phase (dimensionless), Ci is the concentration of the
semi-volatile organic compound (SVOC), originating from isoprene (ICi) or terpene (TCi)
(µg m−3), OABG the background organic aerosol concentration (µg m−3), which is assumed to
be non-volatile, and C∗i is the effective saturation concentration of compound i (µg m
−3).
SOA formation from isoprene is implemented in two ways. In the default mechanism,
as used in the base case, SVOCs originate directly from first-step oxidation of isoprene by
OH (Table 4.1) using yields derived from lab studies (Kroll et al., 2006), which is common
practice in air quality models (e.g. Slowik et al., 2010; Tsimpidi et al., 2010). Oxidation of
isoprene by OH produces both the SVOC species ICi and IRO2, an isoprene peroxy radical,
which further influences the gas-phase chemistry and therewith OH regeneration. ICi parti-
tion into the aerosol phase, together with the SVOCs formed from terpene oxidation (TCi).
The only difference between the isoprene and terpene oxidation products is their molecular
weight (136 and 180 g mol−1, respectively). The SVOC yields strongly depend on NOx con-
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Table 4.1: Chemical reaction scheme used in the reduced scheme with T the absolute tem-
perature in Kelvin and χ the solar zenith angle. First-order reaction rates are in s−1, second-
order reaction rates in cm3 molecule−1s−1. Aerosol-forming reactions and products are
printed in bold font. αI1−αI3 and αT1−αT4 are stoichiometric coefficients for ISO and TERP,
respectively, see Table 4.2. In R20 n is the rate of OH-recycling, PRODUCTS are species
which are not further evaluated in this chemical reaction scheme. Reaction of ISO with O3 is
not considered.
Number Reaction Reaction Rate
R1 O3 + hν → O1D + O2 3.00 · 10−5 · e
−0.575
cos(χ)
R2 O1D + H2O → 2OH 1.63 · 10−10 · e 60T
R3 O1D + N2 → O3 2.15 · 10−11 · e 110T
R4 O1D + O2 → O3 3.30 · 10−11 · e 55T
R5 NO2 + hν → NO + O3 1.67 · 10−2 · e
−0.575
cos(χ)
R6 CH2O + hν → HO2 1.47 · 10−4 · e
−0.575
cos(χ)
R7 OH + CO → HO2 + CO2 2.40 · 10−13
R8 OH + CH4 → CH3O2 2.45 · 10−12 · e −1775T
R9 OH + ISO → IRO2 + αI1IC1 + αI2IC2 + αI3IC3 2.70 · 10−11 · e
390
T
R10 OH + [MVK+MACR] → HO2 + CH2O 2.40 · 10−11
R11 OH + HO2 → H2O + O2 4.80 · 10−11 · e 250T
R12 OH + H2O2 → H2O + HO2 2.90 · 10−12 · e −160T
R13 HO2 + O3 → OH + 2O2 ∗
R14 HO2 + NO → OH + NO2 3.50 · 10−12 · e 250T
R15 CH3O2 + NO → HO2 + NO2 + CH2O 2.80 · 10−12 · e 300T
R16 IRO2 + NO → HO2 + NO2 + CH2O + 0.6[MVK+MACR] 1.00 · 10−11
R17 OH + CH2O → HO2 5.50 · 10−12 · e 125T
R18 2HO2 → H2O2 + O2 ∗∗
R19 CH3O2 + HO2 → PRODUCTS 4.10 · 10−13 · e 750T
R20 IRO2 + HO2 → nOH + PRODUCTS 1.50 · 10−11
R21 OH + NO2 → HNO3 3.50 · 10−12 · e 340T
R22 NO + O3 → NO2 + O2 3.00 · 10−12 · e −1500T
R23 NO + NO3 → 2NO2 1.80 · 10−11 · e 110T
R24 NO2 + O3 → NO3 + O2 1.40 · 10−13 · e −2470T
R25 NO2 + NO3 → N2O5 ∗∗∗
R26 N2O5 → NO3 + NO2 ∗∗∗∗
R27 N2O5 + H2O → 2HNO3 2.50 · 10−22
R28 N2O5 + 2H2O → 2HNO3 + H2O 1.80 · 10−39
R29 TERP + O3 → αT1 TC1 + αT2 TC2 + αT3 TC3 + αT4 TC4 5.00 · 10−16 · e
−530
T
R30 TERP + OH → αT1 TC1 + αT2 TC2 + αT3 TC3 + αT4 TC4 1.21 · 10−11 · e
436
T
∗k=2.03·10−16·( T300 )
4.57e
693
T
∗∗k=(k1+k2)/k3; k1=2.21·10−13·e 600T ; k2=1.91·10−33·e 980T ·cair ; k3=1+1.4·10−21·e 2200T ·cH2O∗∗∗k=0.35·(k0k∞)/(k0+k∞); k0=3.61·10−30( T300 )
−4.1·cN2 ;k∞=1.91·10−12( T300 )
0.2
∗∗∗∗k=0.35·(k0k∞)/(k0+k∞); k0=1.31·10−3( T300 )
−3.5·e −11000T ·cN2 ;k∞=9.71·1014( T300 )
0.1·e −11080T
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Table 4.2: Stoichiometric coefficients at T = 298 K for the different volatility bins of the
SOA precursor categories TERP and ISO, with saturation concentration C∗i in µg m
−3 from
Tsimpidi et al. (2010).
i 1 2 3 4
C∗i 1 10 100 1000
TERP, low-NOx 0.107 0.092 0.359 0.600
TERP, high-NOx 0.012 0.122 0.201 0.500
ISO, low-NOx 0.009 0.030 0.015 –
ISO, high-NOx 0.001 0.023 0.015 –
centrations and we account for this by linearly interpolating the high- and low-NOx yields
(Table 4.2) as a function of the branching of the reaction of RO2 from isoprene and terpenes
through the NO and the HO2 channel, respectively (Lane et al., 2008b).
In the default mechanism, we omit the formation of IEPOX of which markers are present
in the OA at the site (Robinson et al., 2011a; Lin et al., 2012b). In a sensitivity analysis we
include a first-order estimate of ISOA from this new pathway. In future studies, MXLCH-
SOA could be used to evaluate the performance of more detailed ISOA forming mechanisms.
In our reduced chemical mechanism (Table 4.1), the gas-phase oxidation of isoprene is
highly simplified and all first generation products of isoprene oxidation are lumped into a
single species, which combines methyl vinyl ketone and methacrolein (MVK+MACR). To-
gether, they have a yield of 60% (e.g. Karl et al., 2009). In the comparison with observations,
it is important to note that in the PTR-MS measurements that we use here, MVK and MACR
are also observed as one lumped species, since they have the same molecular weight.
4.2.3 Initialization of MXLCH-SOA
Initial and boundary conditions are obtained by fitting MXLCH-SOA to the case study ob-
servations of dynamics and chemistry, thereby constituting the base case upon which further
experiments are based. The initial OABG in the BL is taken as the total OA concentration,
as derived from AMS measurements (Robinson et al., 2011a). An initial BL concentration
of 0.60 µg m−3 is obtained, consisting of 0.04 µg m−3 OOA2, 0.06 µg m−3 82Fac, a factor
attributed to IEPOX SOA, 0.30 µg m−3 OOA1, a low-volatile OOA factor, and 0.20 µg m−3
91Fac, an OA factor associated with biomass burning (Robinson et al., 2011a,b). The OABG
in the FT is also set to 0.60 µg m−3, i.e. BL OABG = FT OABG. Vertical profiles of OA
obtained from aircraft observations support the assumption that OA concentrations in the FT
over East Borneo can be at most equal to the OA concentrations in the BL, but not higher
(Robinson et al., 2012). Since entrainment does not dilute the modeled OABG when con-
centrations in BL and FT are equal (see Eq. 4.7), this is the most favorable assumption for
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Table 4.3: The initial and boundary conditions in boundary layer (BL) and free troposphere
(FT) as obtained from fitting MXLCH-SOA to the case study observations. All initial condi-
tions are imposed at 06:30 LT. Heat fluxes are applied from 06:30 to 14:00 with H = ρcpw′θ′s
and LE = ρLvw′q′s. t is the time (s) and td the length of the day (s). The subscripts s and e
indicate values at the surface and the entrainment zone, respectively.
Property Value
Initial BL height 300
h (m)
Subsidence rate 3·10−5
ω (s−1)
Surface sensible heat flux 0.30 sin(pit/td)
w′θ′s (K m s−1)
Entrainment/surface heat-flux ratio 0.2
β = −w′θ′e/w′θ′s (dimensionless)
Initial BL potential temperature 298
〈θ〉 (K)
Initial FT potential temperature 303.5
θFT (K)
Potential temperature lapse rate FT 0.0030h<800m
γθ (K m−1) 0.0095h≥800m
Advection of potential temperature -3·10−4
Aθ (K m−1))
Surface latent heat flux 0.16 sin(pit/td)
w′q′s (g kg−1 m s−1)
Initial BL specific humidity 11.5
〈q〉 (g kg−1)
Initial FT specific humidity 11.4
qFT (g kg−1)
Specific humidity lapse rate FT −0.0026
γq (g kg−1 m−1)
69
4. ORGANIC AEROSOL BUDGET IN A TROPICAL FOREST
Table 4.4: Initial mixing ratio in BL and FT and surface emission fluxes of the reactants
as obtained from fitting MXLCH-SOA to the case study observations. Species in the reaction
mechanism that are not included in this table have zero initial concentrations and zero surface
emissions.
Species Initial mixing ratio (ppb) Surface emission/deposition flux
BL FT (ppb m s−1)
O3 17.5 19.0 −0.45 sin
(
pit
td
)
NO 0.05 0.0 9 · 10−3
NO2 0.15 0.10 1.5**
ISO 0.40 0.0 0.35 sin
(
pit
td
)
TERP 0.08 0.0 0.04 sin
(
pit
td
)
OABG 0.60∗ 0.60∗ 0.0
MVK+MACR 0.0 0.0 2.4**
TCi 0.0 0.0 2.4**
ICi 0.0 0.0 2.4**
CH4 1800. 1800. 0.0
CO 100. 100. 0.0
O2 2·108 2·108 0.0
N2 8·108 8·108 0.0
∗µg m−3, ∗∗Vd (cm s−1)
calculated OA concentrations in the BL.
Dry deposition has been suggested to be an important sink for oxidized VOCs (Karl et al.,
2010) and consequently to decrease SOA production significantly (Bessagnet et al., 2010).
Therefore, we included it by applying a deposition velocity of 2.4 cm s−1 for MVK+MACR
and for all SVOCs, which is the above-canopy deposition velocity for MVK+MACR as found
in flux measurements in the Amazon (Karl et al., 2010). Pugh et al. (2010) found that such a
large deposition velocity is needed to reconcile modeled MVK+MACR concentrations with
measurements. For SVOCs, the Vd of 2.4 cm s−1 is taken as an upper limit as not every SVOC
will be taken up and metabolized by vegetation as effectively as MVK+MACR (Karl et al.,
2010). Since the actual deposition velocity for SVOCs is uncertain, we included a simulation
in which their deposition is switched off (Vd = 0). In this way, we obtain an upper and a
lower limit for the effect of dry deposition of SVOCs.
4.2.4 Numerical experiments
A set of numerical experiments is designed to gain insight in the dynamical and chemical
factors that drive the diurnal variability of the organic aerosol concentration as observed on
7 July 2008 during the OP3 campaign. We draw specific attention to physical and chemical
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processes that are not routinely taken into account by large scale models or that are often
omitted in the interpretation of measurements. Figure 4.1 shows the factors that we account
for in the interpretation of observed OA and in this section, we introduce experiments that
aim to show the sensitivity of OA formation and concentration to large scale forcings and
several issues related to SOA formation from isoprene.
Large-scale meteorological forcings
With large-scale forcings, we refer to all the meteorological phenomena not directly driven
by boundary layer processes. It can encompass mesoscale flows induced by different degrees
of surface spatial heterogeneities (from small spatial scale to sea breeze) (Ouwersloot et al.,
2011) to phenomena like subsiding air motions driven by synoptic scale circulations. We
designed two experiments to investigate the influence of large-scale meteorological forcings
on the BL dynamics and their subsequent impact on OA. In the first experiment we analyze
the sensitivity of observed OA to subsiding air motions due to divergence of the horizontal
wind. In a previous study, Janssen et al. (2012) showed that OA concentrations in the BL
are sensitive to subsidence, because it suppresses BL growth and enhances entrainment. The
subsidence velocity ws (m s−1) is in our modeling approach represented as:
ws = −ω · h, (4.2)
where ω is the subsidence rate (s−1) and h the BL height (m). In the sensitivity analysis we
switch subsidence off by setting ω to 0 and compare it to the base case, as defined in Table
4.3.
Second, we analyze the sensitivity to advection of heat by the mesoscale flow. The dif-
ferent contributions to heat advection are combined and prescribed to the model as a single
advection term (Aθ). The best match with the observations is obtained when this term is
negative throughout the day, meaning that relatively cool air is advected (Table 4.3). In our
model setup, we assume that the advection of heat is uniformly distributed within the BL. In
the sensitivity analysis we switch advection of heat off by setting Aθ to 0 and compare it to
the base case.
OH recycling
In a second sensitivity analysis concerning the sensitivity of OA to chemistry, we evaluate
the sensitivity of simulated OA to OH recycling, since this most important oxidant may be
underestimated with respect to measurements in high isoprene environments (Lelieveld et al.,
2008). The influence of OH recycling on SOA formation has been accounted for by applying
a more detailed chemical mechanism in a global modeling study by Lin et al. (2012a). In that
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study it led to decreased SOA yields, because of modifications in the gas-phase oxidation of
isoprene. We do not explicitly account for these reaction pathways, but we consider that it
can still be useful to include OH recycling to determine how OH concentrations matching
the observations affect the formation of terpene SOA (TSOA) for a case study that is well-
constrained by observational data. In our model, OH recycling is parameterized by applying a
variable stoichiometric coefficient n in the reaction of IRO2 with HO2 (R20) (Lelieveld et al.,
2008; Vila`-Guerau de Arellano et al., 2011). We compare the base case (no recycling, n=0)
with experiments in which n is set to 1 and 2, respectively.
SOA formation from MPAN: effect of NO2/NO ratio
Methacryloylperoxynitrate (MPAN) has been found to be an important second-generation
reactive intermediate in the formation of isoprene SOA under high-NOx conditions (Surratt
et al., 2010; Chan et al., 2010). Increasing NOx concentrations were thought to lead to de-
creasing formation of low-volatile products from isoprene oxidation that can partition into the
aerosol phase (Kroll et al., 2006), until Chan et al. (2010) found SOA formation from MACR
increased with NO2 concentration. They showed the importance of the RO2+NO2 pathway of
unsaturated aldehydes (e.g. MACR) photo oxidation as a route leading to SOA formation and
found isoprene SOA yields through this pathway up to 3 times higher than previously found
under high-NOx conditions. Here, we implement this effect to our knowledge for the first
time in a model of SOA formation. We do not account explicitly for the formation of MPAN,
but we approximate the trends found by Chan et al. (2010) by scaling isoprene SOA yields
to the NO2/NO ratio. This is done by linearly interpolating between the high- and low-NOx
yields of isoprene SOA, so that they are the default NO channel yields when NO2/NO = 0
and increase to 1.5 times the HO2 channel yields when NO2/NO = 10:
γ = 0.1 · NO2
NO
(4.3)
αi = (1 − γ)αhigh−NOxi + 1.5 · γ · αlow−NOxi (4.4)
where γ is the ratio of NO2 and NO multiplied by a factor 0.1 to normalize the range to
a scale from 0 to 1, when going from a NO2/NO ratio of 0 to 10. In the sensitivity analysis
we compare the SOA formation in the base case with a case in which we account for the
observed NO2/NO ratio and with simulations in which we explore the full bandwidth of this
effect by setting γ to 0 and 1, respectively. In this analysis, we only account for changing
SVOC yields with changing NO2/NO ratio, but it should be noted that a change in this ratio
can also affect 〈OH〉 and in that way SOA formation.
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Table 4.5: Paulot et al. (2009) mechanism for oxidation of isoprene under low-NOx condi-
tions, which replaces R9 and R20 in Table 4.1 in the sensitivity analysis for the chemical
mechanism of SOA formation from isoprene (Sect. 4.5.4).
R29 ISO + OH → IRO2 2.70 · 10−11 · e 390T
R30 IRO2 + HO2 → 0.880 ISOPOOH + 0.120 OH + 0.047 MACR + 7.40 · 10−13 · e 700T
0.073 MVK + 0.120 HO2 + 0.120 CH2O
R31 ISOPOOH + OH → IEPOX + OH 1.90 · 10−11 · e 390T
R32 ISOPOOH + OH → 0.70 ISOPOO + 0.300 HC5 + 0.300 OH 3.80 · 10−12 · e 200T
R33 IEPOX + OH → IEPOXOO 5.78 · 10−11 · e −400T
R34 IEPOXOO + HO2 → 0.725 HAC + 0.275 GLYC + 0.275 GLYX + 7.40 · 10−13 · e 700T
0.275 MGLY + 1.125 OH + 0.825 HO2 +
0.200 CO2 + 0.375 CH2O + 0.074 HCOOH +
0.251 CO
SOA formation from IEPOX
Under low-NOx conditions, isoprene epoxydiols (IEPOX) have been found to be important
reactive intermediates in the formation of isoprene SOA (Paulot et al., 2009; Surratt et al.,
2010; Lin et al., 2012b). The chemical pathways for SOA formation from IEPOX are not
incorporated explicitly in MXLCH-SOA. However, we mimic the catalyzing role of acidic
sulfate aerosol on the formation of SOA from IEPOX by incorporating the chemical mecha-
nism suggested by Paulot et al. (2009) (see Table 4.5) and using a fixed aerosol yield of 6.4%,
which is the highest yield from experiments by Lin et al. (2012b). In this way, we neglect the
complex underlying chemistry, but we obtain a first-order estimation of the magnitude of its
effect. In the experiment, the Paulot et al. (2009) mechanism replaces the reactions R9 and
R20 as used in the default mechanism. In this mechanism there is some regeneration of OH,
but we only evaluate its impact on SOA through IEPOX formation here.
4.3 Interpretation of observations by modeling
We are able to satisfactorily reproduce the dynamics as observed on 7 July 2008 at Bukit Atur,
see Fig. 4.4 with initial and boundary conditions as specified in Table 4.3. The BL height
reaching between 800 to 1000 m, as observed by over Borneo from LIDAR (Pearson et al.,
2010) and aircraft measurements (Robinson et al., 2012), appears to be the result of the local
surface forcing of the sensible (H) and latent heat flux (LE) with superimposed subsidence
and advection. Due to the high H (with a maximum of ∼400 W m−2), this low BL height can
only be explained when subsidence and advection are accounted for: 1) subsidence directly
suppresses the convective motions that are induced by the surface heat flux and 2) advection
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Figure 4.4: Diurnal evolution of (a) surface sensible (H) and latent (LE) heat flux, which
are both prescribed, (b) boundary layer height (h), (c) mixed layer potential temperature
(〈θ〉) and (d) mixed layer specific moisture (〈q〉) for the case study. Dots indicate tower
measurements at 45 m and model results are indicated by lines.
of relatively cold air cools the BL and consequently increases its potential temperature dif-
ference with the FT (∆θ), which hinders thermal plumes in breaking through this potential
temperature inversion to entrain warm air from the FT. In Fig. 4.1, a typical vertical profile
of potential temperature (θ) is sketched to illustrate these effects. These large-scale mete-
orological forcings may explain the low BL height over Borneo compared to the Amazon,
where mixed-layer heights typically exceed 1000 m (Martin et al., 1988). Later, we explicitly
investigate the effect of these meteorological forcings on COA.
The mixed-layer potential temperature (〈θ〉) shows a steep increase of 3 K h−1 after the
heat fluxes become positive, at 06:30. This is caused by direct heating of the BL by the sensi-
ble heat flux and by entrainment of warm air during the rapid growth of the BL between 09:00
and 11:30, which are both further enhanced by subsidence. Unfortunately, two observations
are missing at 07:30 and 08:00, but the fact that we are able to reproduce the strong gradient in
〈θ〉 gives us confidence in the correct representation of its evolution. Specific moisture (〈q〉),
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Figure 4.5: Diurnal evolution of mixed layer concentrations of (a) O3, (b) OH, and HO2 (c)
NO and (d) NO2 for the case study. Markers indicate measurements from the tower at 75 m
(O3, NO and NO2) or 5 m (OH and HO2).
which initially increases due to the evaporation flux, decreases after 09:30 because drier air
is entrained during the BL growth and increases again when BL growth ceases around 11:00.
The evolution of the gas-phase species O3, NOx and HOx is shown in Fig. 4.5 with
initial conditions as specified in Table 4.4. O3 and NOx mixing ratios and evolution are
reproduced satisfactorily within the bounds set by the scatter in the observations, only 〈NO2〉
is overestimated between 09:00 and 11:00. The exact reason for this is unknown, but it may
be due to missing chemistry. The crucial point here is that NO concentrations are simulated
well, which is needed to calculate the branching of the low- and high-NOx SOA yields. Our
model calculations show that at 〈NO〉 ∼0.1 ppb, >80% of the terpene and isoprene RO2
reacts with NO, meaning that we are mostly under high-NOx conditions. Note that since
HO2 is overestimated by roughly a factor 1.5, this is a lower limit for the branching fraction
of the high-NOx channel. OH is underestimated by a factor of 2-6, depending on considering
the lower or the upper bound set by the scatter in the observations. We will discuss possible
influences on SOA formation in Sect. 4.5.2.
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Figure 4.6: Diurnal evolution of (a) ISO- and TERP-flux, which are both prescribed, and
mixed layer concentrations of (b) ISO and TERP, (c) MVK+MACR and (d) OA for the case
study. Markers indicate measurements from the tower at 75 (FIS O and FT ERP, ISO, TERP,
MVK+MACR) or 33 m (OA).
Figure 4.6 shows the diurnal evolution of VOCs and OA. Note that the FIS O and FT ERP are
prescribed and scaled to match the fluxes observed by Langford et al. (2010). Temperature
driven terpene emissions may continue during night time and in the early morning, but are
much lower than those during day time (Langford et al., 2010) and therefore omitted here.
Reasonable agreement is found for mixing ratios of ISO and TERP, which show a similar
pattern as specific moisture. An initial increase in their concentrations between 06:30 and
09:30 is followed by a decrease, which is related to the rapid BL growth. In the afternoon,
both 〈ISO〉 and 〈TERP〉 increase again due to continuing emissions and weaker entrainment.
The contribution of chemical destruction is rather constant from 09:00 onwards, due to a
rather constant simulated 〈OH〉 (Fig. 4.5). A more thorough budget analysis is given in Sect.
4.4.
〈MVK+MACR〉 is overestimated between 09:00 and 11:00 by around 0.2 ppb. An over-
estimation of MVK+MACR was found previously in studies of tropical regions (Ganzeveld
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et al., 2008; Pugh et al., 2010) and several possible explanations have been proposed, includ-
ing an underestimation of dry deposition and entrainment of MVK+MACR from the residual
layer. The applied deposition velocity (Vd) for MVK+MACR of 2.4 cm s−1 as suggested by
Karl et al. (2010) partly resolves this issue by lowering their concentrations by 15% com-
pared to the case without deposition. Since we set the FT concentration of MVK+MACR to
zero, entrainment in this case only dilutes BL concentrations and can not explain the over-
estimation. The simplicity of the isoprene oxidation scheme applied here may explain this
overestimation. It is relevant to mention that the modeled COA does not directly depend on
〈MVK+MACR〉, since we do not explicitly account for SOA formation from MACR.
Both observed and modeled OA concentrations increase during the day, due to SOA for-
mation (Fig. 4.6d). However, the modeled COA is lower than the observed OOA2 and as the
day progresses this underestimation increases to 60% at the end of the simulation. Possible
contributors to this underestimation are a misrepresentation of the pathways leading to ISOA
formation or too low OH concentration. These will be subject of the sensitivity analyses in
Sect. 4.5. Also the high deposition velocity of the SVOCs could cause an underestimation
COA, due to low SOA formation. The simulation with dry deposition of the SVOCs turned
off shows the maximum effect of dry deposition of SVOCs, resulting in a 22% higher COA at
the end of the simulation compared to the case with deposition.
4.4 Budget analysis of VOCs, SVOCs and OA
To understand how dynamics and chemistry interact and how the diurnal evolution of OA
results from this interaction, it is useful to analyze the cascade of processes that lead to SOA
formation from gas-phase precursors. Here, we show the budgets of key species in the for-
mation of OA: VOCs from biogenic emissions, an intermediate semi-volatile species SVOC,
and OA as their end product, and how these budgets are coupled to the diurnal variability
of the boundary layer dynamics. For completeness, we also added an advection term to the
budget equations (Eqs. 4.5-4.7).
The budget of a VOC reads as follows (Janssen et al., 2012):
d〈VOC〉
dt
=
emission︷           ︸︸           ︷
FVOC
h
sin
(
pit
td
)
+
entrainment︷      ︸︸      ︷
we∆VOC
h
−
chemistry︷                  ︸︸                  ︷∑
j
k j〈VOC〉〈OX j〉+
advection︷        ︸︸        ︷
Uk
∂〈VOC〉
∂xk
(4.5)
where FVOC is the maximum daily VOC emission flux, assuming a sinusoidal diurnal emis-
sion profile (ppb m s−1, see Table 4.4); h is the BL height (m); t is the time since the start
of the simulation (s); td is the length of the period during which the heat fluxes are posi-
tive (s); we is the entrainment velocity (m s−1); ∆VOC is the VOC mixing ratio difference
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Figure 4.7: Contribution of the individual processes to the budgets of (a) ISO (Eq. 4.5), (b)
the SVOC IC1, which results from oxidation of ISO (Eq. 4.6) and (c) SOA (Eq. 4.7), split up
in the terpene SOA (TSOA) and the isoprene SOA (ISOA) fraction. Note that the contribution
of entrainment to the 〈OA〉-tendency is zero since the concentrations of OABG in BL and FT
are equal. Therefore, the partitioning of SVOCs from terpenes and isoprene into the aerosol
phase forms the only contribution.
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(jump) between the BL and the FT (ppb) (with the jump of a scalar or reactant C defined as
∆C = CFT − 〈C〉); k j is the reaction rate of VOC with oxidant OX j (either O3 or OH); 〈OX j〉
is the mixed layer mixing ratio of oxidant OX j (ppb); Uk is horizontal wind speed (m s−1);
and ∂〈VOC〉 the concentration difference (ppb) over the distance in the horizontal ∂xk (m).
A similar equation holds for SVOCs, but they do not have an emission term and are
removed from the atmosphere by dry deposition, so their budget equation is:
d〈Ci〉
dt
=
entrainment︷ ︸︸ ︷
we∆Ci
h
+
chemistry︷                     ︸︸                     ︷∑
j
αik j〈VOC〉〈OX j〉+
advection︷    ︸︸    ︷
Uk
∂〈Ci〉
∂xk
−
deposition︷    ︸︸    ︷
VdCi〈Ci〉
h
(4.6)
where ∆Ci is the concentration jump of the SVOC Ci (ppb); αi the stoichiometric coefficient
for Ci; ∂Ci its horizontal concentrations difference (ppb); and VdCi its deposition velocity
(m s−1).
And finally the budget of OA reads:
d〈OA〉
dt
=
OABG-entrainment︷       ︸︸       ︷
we∆OABG
h
+
G/P-partitioning︷                         ︸︸                         ︷∑
i
[
Xp,i
dCi
dt
+ Ci
dXp,i
dt
]
+
advection︷     ︸︸     ︷
Uk
∂〈OA〉
∂xk
−
deposition︷       ︸︸       ︷
VdOA〈OA〉
h
(4.7)
where ∆OABG is the jump in the background organic aerosol concentration between the BL
and the FT (µg m−3); ∂〈OA〉 the horizontal concentration difference (µg m−3) and VdOA the
deposition velocity of OA (m s−1).
In Eqs. 4.5-4.7, the BL height h modulates the contributions of the emission, entrain-
ment and deposition terms and the entrainment velocity we appears in the entrainment term.
Through the dependence on h and we, the evolution of the chemical species is coupled to
the dynamics of the boundary layer, which in turn are affected by large-scale meteorological
forcings, as will be shown in Sect. 4.5.1.
Figure 4.7 shows how the evolution of COA depends on the behavior of its precursors.
The isoprene (ISO) tendency (Fig. 4.7a), which is shown as an example VOC here, has a
positive contribution from the emission term, especially between 08:00 and 10:00 when the
emission increases (Fig. 4.6a) and the BL is still shallow as the morning ground inversion
is not yet broken. This results in the peak in the ISO mixing ratio seen in both the observa-
tions and model results just around 09:30 (Fig. 4.6b). Entrainment is important during the
period of fast BL growth, between 09:00 and 11:00. As shown by the negative value, en-
trainment contributes to the decrease of ISO by introducing residual layer/free tropospheric
air characterized by lower ISO mixing ratio. Our findings are corroborated by the observed
ISO concentration, which decreases between 09:30 and 11:00 (Fig. 4.6b). The chemical de-
struction term, only by OH in this case, is rather constant from 09:00 onwards, but becomes
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the most important loss term after 11:00.
The chemical destruction of ISO is mirrored in the chemical production of IC1 (Fig. 4.7b).
Due to the low yield of IC1 (see Table 4.1), the production of IC1 is a factor ∼103 smaller
than the destruction of ISO. This low yields results in small concentrations changes of IC1
compared to those of ISO. Since the FT concentration is set to zero, the concentration jump is
equal to the BL concentration. Therefore, the ratio between entrainment and deposition terms
depends solely on the ratio of the entrainment and deposition velocities. we peaks at 10:00
at 13 cm s−1 and in our case, the entrainment contribution is larger that of the dry deposition
process with Vd = 2.4 cm s−1.
The contribution of the entrainment term to the SOA precursors is clearly visible in the
evolution of OA (Fig. 4.7c). The budget of OA includes the entrainment of OABG, but here
the concentrations are equal in BL and FT and therefore the OABG entrainment term is zero
(first term on the right hand side (RHS) of Eq. 4.7). This is because the OA consists of OABG
and fresh SOA. The former has no concentration gradient between BL and FT and the latter
is calculated at each time step as the fraction of the SVOCs that enter the aerosol phase, in
which the effect of entrainment is already accounted for. In case of a large concentration
jump of OABG between BL and FT, the entrainment term is important for the evolution of
OA (Janssen et al., 2012). The minimum in the gas/particle-partitioning (second term on the
RHS of Eq. 4.7) is therefore caused by the dilution of the SVOCs due to entrainment. The
OA tendency has its peak in the afternoon at 12:30, similarly as the SVOC tendency. This is
caused not only by the fact that more SVOC is present, but also by the presence of a larger
available organic mass for SVOCs to partition in. Consequently, partitioning of the SVOCs
into the aerosol phase will be efficient, i.e. in Eq. 4.1, Xp,i increases with increasing COA.
TSOA and ISOA contribute in similar quantities to the calculated SOA formation. ISOA has
lower yields than TSOA, but the emission of ISO is a factor 5 larger than that of TERP, which
compensates for this. However, the ISOA shown here should be regarded as a lower limit
and the formation of ISOA through specific reactive intermediates will be discussed in Sect.
4.5.3 and 4.5.4.
We omit advection of any of these species and therefore implicitly assume the footprint
area of the site to be horizontally homogeneous for the emission of VOCs, the formation of
SVOCs and the OA concentration. Especially for long-lived species as OA, this assumption
may not hold and we can not rule out a possible contribution of advection to the OA budget.
On the other hand, the satisfactory agreement of the measurements on this particular day and
the campaign averages (Fig. 4.2), makes it unlikely that the source of the air masses arriving
at the site is of major importance for the diurnal variability.
Another process that has not been taken into account is the dry deposition of OA, since
dry deposition of sub-micron aerosols over forests is not well constrained by observations.
Recently, Farmer et al. (2012) observed a Vd for the sub-micron mode aerosol mass of 0.02
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Figure 4.8: Sensitivity of modeled (a) organic aerosol concentration COA, (b) BL height
h, (c) mixed layer potential temperature 〈θ〉 and (d) mixed layer specific humidity 〈q〉 to
subsidence and advection of heat. Shown are the base case (see Table 4.3), an experiment
without subsidence and an experiment with no advection of θ.
cm s−1 over temperate and tropical forests, which indicates that the contribution of dry depo-
sition would be small. If it would be included it would act to further increase the discrepancy
between measured and modeled OA.
4.5 Sensitivity analyses
4.5.1 Large scale meteorological forcings
Large-scale meteorological forcings influence the coupled system of BL height (h), mixed
layer potential temperature (〈θ〉) and specific moisture (〈q〉). Consequently, they affect the
OA concentration through their influence on h and we, as shown in the previous section.
In case of subsidence, the BL is suppressed by large-scale downward vertical motions, that
lead to a stronger heating of the BL because the same amount of heat is distributed over a
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shallower layer. As a consequence, the potential temperature jump at the BL-FT interface
decreases, which enhances the entrainment velocity (Janssen et al., 2012). In our case study,
not taking subsidence into account would have led to an overestimation of h of 250 m at the
end of the numerical experiment (Fig. 4.8), an underestimation of 〈θ〉 by 1.5 K and a BL,
which is too moist. Because of the increased entrainment velocity, OA is diluted more under
the presence of subsidence, resulting in 27% lower OA at the end of the simulation.
Advection of θ in this case acts to cool the BL. Therefore the potential temperature jump
across the BL-FT interface increases, which weakens entrainment (so opposite to the effect
of subsidence) and BL growth. Not taking advection of cool air into account results in a BL
which is 200 m higher at the end of the run than in the case with advection (similar as for
subsidence), an overestimation of 〈θ〉 by 4 K and an underestimation of 〈q〉 by 0.9 g kg−1. Due
to the weaker entrainment when advection of cool air is considered, the OA precursors are
diluted less, leading to more SOA formation and a 16% higher COA in the case with advection
(Fig. 4.8).
Subsidence and advection of cold air, while both decreasing BL height, therefore have
opposing effects on COA.
4.5.2 OH recycling
The evolution of OA has so far been simulated in this paper without considering OH recy-
cling from isoprene (n = 0 in R20). In this section we explore n=1 and n=2 in R20. This
corresponds to daily average recycling rates of OH with respect to the OH consumed by the
first-step oxidation of isoprene of 19 and 54%, respectively, which is below the range of 75
to 120%, as estimated recently by Taraborrelli et al. (2012). Nevertheless, including OH re-
cycling leads to a better agreement with the observations of 〈OH〉, especially for n=2 (Fig.
4.9).
This enhancement of 〈OH〉 leads to an increase of the calculated COA at the end of the
simulation by 25% and 75% for n=1 and n=2, respectively. This enhancement of the calcu-
lated COA, however, is not enough to explain the observed OOA2. On the other hand and as
expected from reactions R9 and R30, ISO and TERP are depleted at a faster rate when OH
is recycled, which leads to an underestimation of their concentrations as n is increased, espe-
cially in the afternoon when isoprene oxidation and OH recycling have a maximum. This is
similar to the findings of Pugh et al. (2010) for observations made during OP3 I. They ques-
tioned the validity of the assumption of a well-mixed layer and suggested that the segregation
of isoprene into distinct plumes could deplete OH in those plumes, which may have affected
the measurements. However, the high degree of segregation assumed in their simulations of
this effect (50%), was later dispelled by Pugh et al. (2011) and Ouwersloot et al. (2011), who
found a reduction of the rate constant of the isoprene and OH reaction due to incomplete
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Figure 4.9: Sensitivity of (a) organic aerosol COA, (b) OH, (c) ISO and (d) TERP to OH
recycling. Shown are experiments for n = 0, 1 and 2 in R20, respectively.
mixing of less than 15%.
The main point here is that we are able to reproduce the evolution of ISO and TERP
satisfactorily for n=0 as a function of emission, entrainment and chemistry. Hereby, the
emissions are constrained by the flux measurements and the correct representation of BL
dynamics gives us confidence in the representation of entrainment. Seen in this way, the first-
step oxidation by OH (and O3 in case of TERP), is apparently represented reasonably well in
the base case. So while increasing n leads to an improved representation of 〈OH〉 and COA,
it serves to worsen the match with the observed 〈TERP〉 and 〈ISO〉. OH recycling thus has
the potential to influence modeled SOA formation in high isoprene environments, but current
knowledge is not sufficient to constrain its effects.
4.5.3 SOA formation from MPAN: effect of NO2/NO ratio
We study the sensitivity of the formation of isoprene SOA with MACR and MPAN as inter-
mediate species on the NO2/NO ratio, as proposed by Eqs. 4.3 and 4.4. We find that at the
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Figure 4.10: Sensitivity of organic aerosol COA to NO2/NO ratio. Besides the base case,
simulations are shown for actual NO2/NO, NO2/NO=0 and NO2/NO=10, respectively.
actual NO2/NO ratio of about 1.5, the simulated SOA formation is very similar to that in the
base case (Fig. 4.10), since the high NOx yields dominate. The whole range is explored,
and this reveals that the ratio may affect simulated ambient OA concentrations significantly.
Calculated COA decreases by 12% and increases by 94% at the end of the simulation for
NO2/NO=0 and 10, respectively. In the upper limit, COA compares well with the observed
OOA2 until 09:30, but is still underestimated afterwards.
The influence of the RO2+NO2 channel for SOA formation may be more evident in re-
gions where NO2/NO ratios are higher due to anthropogenic emissions or slower photochem-
istry. The parametrization proposed here can be included in models aiming to study this
effect.
4.5.4 SOA formation from IEPOX
Our last sensitivity study focuses on the formation of IEPOX SOA, catalyzed by acidic sulfate
aerosol (Table 4.5). We find concentrations of IEPOX in the order of ∼10−1 ppb after mid-
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Figure 4.11: Concentration of (a) IEPOX and (b) IEPOX SOA, assuming a fixed yield for the
latter of 6.4%, which is the upper limit under acidic conditions found by Lin et al. (2012b).
day (Fig. 4.11a), which is of the same order-of-magnitude as calculated by a global model
for Borneo (Paulot et al., 2009). The branching between the IRO2 + HO2 and the IRO2 +
NO reactions determines the efficiency with which IEPOX is formed. As in the previous ex-
periments, the NO channel dominates, with the HO2 channel contributing only ∼13% to the
destruction of IRO2.
IEPOX SOA is modeled here with a fixed yield of 6.4%, which is the largest yield found
in the experiments of Lin et al. (2012b). 82Fac shows a decrease, possibly due to entrainment,
from 08:00 to 09:00 and after that time increases rapidly to reach a concentration which is
one order-of-magnitude greater at 14:00 than its minimum at 09:00 (Fig. 4.11b). We are not
able to match the strong increase of 82Fac as observed between 09:00 and 14:00. An IEPOX
SOA yield of 35% would be required to explain this rapid increase.
There are several possible causes for the underestimation of the concentration of 82Fac
by the model. First, using a fixed yield of IEPOX SOA implies that effects of the OABG on
gas/particle-partitioning are not accounted for, which may affect the aerosol yield of semi-
volatile species (see Eq. 4.1). Then, the yield of IEPOX SOA found in chamber studies (Lin
et al., 2012b) may be a too low, possibly due to yet unknown chemical pathways. Finally,
we consider a meteorological factor, long range horizontal transport by advection. Advection
may be important because OA has, in contrast to VOCs, a long atmospheric lifetime of days
to a week. This means that observed OA could reflect integrated VOC oxidation over a larger
area and period rather than in situ production of OA from VOCs. As a consequence, it is
plausible that IEPOX SOA is advected to the measurement site that is formed from isoprene
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emitted at the oil palm plantations located 50 km and further to the South-East, which emit
4-7 times more isoprene than the forest (Hewitt et al., 2010). However, it is not known what
the 82Fac looks like after aging and it could be transformed into OOA2 or OOA1 by the
time it reaches the site. Although we can not rule out the contribution of advection, there
are two reasons to expect that the fast increase of 82Fac is likely not due to advection. First,
the fact that 82Fac was not observed in morning air plane profiles, but that it was observed
in the afternoon flights, may indicate that the 82Fac is formed rapidly and mainly from local
sources. Second, the time at which the fast increase of 82Fac begins (after 10:00, see Fig.
4.11b) corresponds well with the modeled increase of IEPOX and IEPOX SOA.
4.6 Conclusions
We studied the diurnal evolution of organic aerosol, its gas-phase precursors and their oxi-
dants, coupled to the dynamics of a convective boundary layer for a characteristic situation
observed above the tropical forest at Borneo during the OP3 field campaign. Observations
of BL dynamics and chemical species combined with a boundary layer model of physics and
chemistry are used to determine the dominant processes in the SOA formation driven by ter-
pene and isoprene emissions. We are able to satisfactorily reproduce the diurnal variability
of the BL in terms of its height, potential temperature and specific humidity as driven by
land surface and large-scale meteorological forcings. Advection of cooler air and subsidence
are important contributions to the characterization of the BL as observed over Borneo and
complicate the characterization of a tropical BL climatology. Because of their influence on
BL height and entrainment, subsidence and advection of heat affect the diurnal evolution of
chemical species in the BL and should be taken into account when interpreting observations
of OA. Subsidence and advection of cool air, while both decreasing BL height, have opposing
effects on the diurnal trend of COA.
An analysis of the budgets of VOCs, SVOCs and OA shows the importance of studying
dynamical and chemical processes simultaneously in order to understand the diurnal vari-
ability of reactants. Specifically, it shows how the OA budget is strongly modified by the
various processes that shape the diurnal cycle of its gas-phase precursors, in which the signal
of entrainment is clearly visible.
By confronting our model with a rather complete set of data of gas-phase chemistry and
organic aerosol, we are able to exclude the influence of some factors that in other studies
have been suggested to explain underestimation by models of biogenic OA concentrations.
Nevertheless, as in previous studies we underestimate OA concentrations by about a factor of
2, even though we are able to reproduce the diurnal evolution of isoprene and terpene concen-
trations with observed and prescribed fluxes and we explicitly take the impact of entrainment
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on VOCs and their oxidants into account.
In our investigation of the role of isoprene chemistry in SOA formation, we find that
OH recycling decreases the model-measurement discrepancy of OA concentrations, but at
the cost of a worse comparison with VOC concentrations. Before isoprene SOA formation
can be quantified, the OH puzzle must be solved. Furthermore, accounting for the depen-
dence of isoprene SOA formation on the NO2/NO ratio has no significant effect here, but
could be important in regions with a higher NO2/NO ratio. In a final sensitivity analysis,
we underestimate the concentration of 82Fac, an OA component specifically related to SOA
from isoprene epoxides (IEPOX), although we incorporate the state-of-the-art knowledge on
the formation of IEPOX SOA in our model. There are several factors which may explain
this underestimation, and further insights in the formation and evolution in the atmosphere of
IEPOX SOA are needed to get a definitive answer. We find that the low-NOx pathway leading
to IEPOX formation is only a minor one under observed NO concentrations. Nevertheless,
the concentration of 82Fac is of comparable magnitude as that of OOA2, suggesting that a
minor pathway in the gas-phase chemistry of isoprene can still lead to substantial SOA for-
mation. This strong dependence of isoprene SOA formation on NOx chemistry implies that
if NO concentrations increase in Borneo by increased anthropogenic activities, the type and
amount of isoprene SOA has the potential to change significantly.
Although incorporating these new pathways does not yet explain the discrepancies be-
tween modeled and observed biogenic OA, we propose that models need to account for the
different pathways by which isoprene chemistry drives SOA formation, both through for-
mation of its second-generation products following the low- and high-NOx pathways and
through its effect on gas-phase chemistry by OH recycling.
Finally, we advocate the use of conceptual but realistic models similar to the one pre-
sented here to bridge the gap between observations made during chamber studies and field
campaigns, on one hand, and the gap between local observations and large-scale forcings, on
the other hand, to gain further understanding of the organic aerosol budget in tropical forests.
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Estimating seasonal variations in cloud
droplet number concentration over the
boreal forest from satellite observations
Seasonal variations in cloud droplet number concentration (NCD) in low-level stratiform
clouds over the boreal forest are estimated from MODIS observations of cloud optical and
microphysical properties, using a sub-adiabatic cloud model to interpret vertical profiles
of cloud properties. An uncertainty analysis of the cloud model is included to reveal
the main sensitivities of the cloud model. We compared the seasonal cycle in NCD, ob-
tained using 9 yr of satellite data, to surface concentrations of potential cloud activating
aerosols, measured at the SMEAR II station at Hyytia¨la¨ in Finland. The results show
that NCD and cloud condensation nuclei (CCN) concentrations have no clear correlation
at seasonal time scale. The fraction of aerosols that actually activate as cloud droplet
decreases sharply with increasing aerosol concentrations. Furthermore, information on
the stability of the atmosphere shows that low NCD is linked to stable atmospheric condi-
tions. Combining these findings leads to the conclusion that cloud droplet activation for
the studied clouds over the boreal forest is limited by convection. Our results suggest that
it is important to take the strength of convection into account when studying the influence
This chapter is published as Janssen et al. (2011).
5. CLOUD DROPLET CONCENTRATION OVER THE BOREAL FOREST
of aerosols from the boreal forest on cloud formation, although they do not rule out the
possibility that aerosols from the boreal forest affect other types of clouds with a closer
coupling to the surface.
5.1 Introduction
The biosphere makes a very large contribution to the levels of atmospheric aerosols and cloud
condensation nuclei (Andreae and Rosenfeld, 2008). However, the feedbacks that are pos-
sibly associated with the emissions of natural aerosols have only recently started to receive
substantial attention and therefore the scientific understanding of their drivers, climate im-
pacts and interactions is low (Carslaw et al., 2010). One proposed feedback mechanism
which involves aerosols of natural origin concerns the boreal forests of the Northern high
latitudes. Kulmala et al. (2004a) proposed that aerosols produced by forests modify the radi-
ation balance via their influence on cloud properties such as albedo, thereby posing a negative
feedback on the surface temperature and on the productivity of the forest itself. They based
their hypothesis on the observation that in the boreal forest, there is a strong coupling between
the seasonal cycle in temperature, vegetation productivity, biogenic emissions of Volatile Or-
ganic Compounds (VOC) and the growth rate of freshly formed aerosol particles. Ongoing
research has further confirmed the role of boreal forests as a contributor to both aerosol num-
ber by facilitating new particle formation from gaseous precursors (Kavouras et al., 1998;
O’Dowd et al., 2002, 2009; Laaksonen et al., 2008) and their subsequent growth by provid-
ing condensable species in the form of VOC oxidation products (Allan et al., 2006; Tunved
et al., 2006, 2008; Dal Maso et al., 2008).
Some studies have been undertaken to estimate the effect that the vegetation-aerosol-
cloud feedback may have on the surface radiation balance in the boreal forest. Spracklen et al.
(2008) estimated the radiative forcing of the 1st indirect aerosol effect from biogenic aerosols
over the boreal forest to be between −1.8 and −6.7 W m−2 using a chemical transport model
that includes parameterizations of nucleation and condensational growth coupled to a simple
radiation model. Another study that used a more conceptual approach to estimate the radiative
forcing of particle formation over the boreal forest yielded numbers up to −14 W m−2 (Kurte´n
et al., 2003). This would imply that the aerosol effect may be able to compensate for a
hypothesized present-day net warming of the boreal forests through the combined effect of a
decrease in surface albedo and enhanced CO2-uptake (Betts, 2000; Bala et al., 2007).
New particle formation events are important contributors to the aerosol particle number
over the boreal forest (Kulmala et al., 2001; Dal Maso et al., 2007). The occurrence of parti-
cle formation events has a typical annual variation over the Scandinavian boreal forest, with
peaks in springtime and autumn and minima in winter and summer (Dal Maso et al., 2007).
It has been shown that the aerosols that are produced during these nucleation events grow
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rapidly to sizes at which they can serve as cloud condensation nuclei (CCN) (Lihavainen
et al., 2003) and consequently are able to participate in cloud droplet formation (Kerminen
et al., 2005). The growth rates of these newly formed particles are strongly correlated to con-
centrations of monoterpene oxidation products (Laaksonen et al., 2008; Allan et al., 2006).
Monoterpenes are emitted in large quantities by boreal forests, following a strong seasonal
pattern, determined by a pronounced seasonal cycle in temperature, light intensity and veg-
etation productivity (Hakola et al., 2003; Lappalainen et al., 2009). Once oxidized, these
organics condense onto freshly nucleated clusters to grow them to sizes larger than 3 nm,
which allows them to survive as individual aerosols (O’Dowd et al., 2002; Cavalli et al.,
2006), and contribute to their further growth to a diameter of 50 to 100 nm, which allows
them to act as CCN (Tunved et al., 2008). The findings of these studies were confirmed by
Sihto et al. (2011) who derived, from information on the hygroscopicity of the aerosol at
Hyytia¨la¨, that aerosols that have grown to the size of CCN consist for a large part (∼80 %) of
organic material.
The number of aerosols that eventually activate into cloud droplets depends on the aerosol
concentration, size distribution and chemical properties and on the updraft velocity, which
determines the maximum supersaturation in a cloud parcel (McFiggans et al., 2006; Reutter
et al., 2009). Once activated into cloud droplets, aerosols affect the cloud optical and mi-
crophysical properties through various Aerosol Indirect Effects (AIE). Twomey (1977) sug-
gested that adding aerosols increases the droplet concentration and decrease the droplet size
of clouds with a given liquid water path (LWP), which in turn leads to an increase of the cloud
albedo (1st indirect effect). Albrecht (1989) proposed that the changes in cloud microphysics
lead to a less efficient formation of precipitation and an increase in cloud lifetime (2nd indi-
rect effect), while Lohmann and Feichter (2005) discussed several semi-direct effects such as
cloud warming due to increased absorption of solar radiation by black carbon aerosols.
Satellite remote sensing is a widely used tool for determining the AIE. Retrievals of cloud
optical thickness and effective radius are required to determine the sensitivity of cloud ra-
diative properties to changes in aerosol concentration (Nakajima et al., 2001; Platnick and
Twomey, 1994). Using either of these variables as indicator of the AIE requires the assump-
tion of a constant LWP, which is generally not the case. A way to circumvent this problem is
to estimate the cloud droplet number concentration (NCD), since it directly links cloud optical
and microphysical properties to the aerosol concentration at cloud base. Several methods
have been developed for this purpose, each one requiring different assumptions about the
sub-adiabatic character of and the mixing that occurs inside clouds (Bennartz, 2007; Boers
et al., 2006; Szczodrak et al., 2001).
The method developed by Boers et al. (2006) (hereinafter referred to as B06), was val-
idated by Roebeling et al. (2008), combining ground-based observations of cloud depth (h)
and LWP with calculations of the cloud model using data from the SEVIRI-instrument on-
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board METEOSAT as input. This showed very good agreement for strictly selected cases
over the Netherlands.
Until now, however, there is little observational evidence for the influence of aerosols,
which are formed in the boreal forest, on cloud optical and microphysical properties. Most
of these measurements are performed at a clean background site in northern Finland, Pallas
(Komppula et al., 2005; Kerminen et al., 2005; Lihavainen et al., 2008), which is at the
northern border of the boreal forest. Recently, Lihavainen et al. (2010) estimated aerosol-
cloud interactions over Pallas, using a combination of ground-based and MODIS data of
cloud and aerosol properties. Their focus was how quantification of the aerosol burden affects
the measured strength of aerosol-cloud interactions comparing ground-based and satellite
measurements.
In our study we combine satellite observations of cloud properties over the SMEAR II
measurement station at Hyytia¨la¨ in Finland with ground-based observations of aerosol con-
centrations and meteorological fields from ECMWF-reanalysis (1) to assess the seasonal vari-
ability in NCD of low level liquid water clouds over the boreal forest and (2) to determine the
role of surface aerosol concentration and meteorology in explaining this variability.
In Section 2 we first present the applied methodology including a description of the se-
lection of the satellite and surface data, an introduction of the cloud model and a detailed
uncertainty analysis. Section 3 shows the results of our analysis, including the observed
cloud properties and their relation to aerosol concentrations and meteorology. The paper is
concluded by a discussion and conclusions Sect. 4.
5.2 Data and methods
We present an analysis of cloud properties as observed by the MODIS-instrument onboard
the Terra satellite in combination with ground based measurements of aerosol concentration
and meteorological fields obtained from the ECMWF-server. As it is not possible to derive
NCD directly from the reflection spectra of solar radiation by clouds, we apply a model which
generalizes the properties of stratiform liquid water clouds to estimate NCD. The advantage
of using satellite based measurements is that it allows to monitor the seasonal cycle in cloud
optical and microphysical properties over several years, and thus get a statistically robust
signal. We calculated median values of the satellite, aerosol and meteorological data, divided
over 24 bins. For a period of 182 days, this resulted in a bin size of 7.6 days.
5.2.1 Satellite data selection
We used 9 yr (2000–2008) of MODIS-Terra Level2 (collection 005)-data (Platnick et al.,
2003), which comprise pixel level retrievals (1 km resolution) of cloud optical and microphys-
92
5.2. DATA AND METHODS
0˚
0˚
10˚E
10˚E
20˚E
20˚E
30˚E
30˚E
40˚E
40˚E
60˚N 60˚N
70˚N 70˚N
Hyytiälä
Figure 5.1: Map indicating the location of the SMEAR II field station at Hyytia¨la¨, Finland
and the 2× 2◦ latitude-longitude box over which the MODIS and ECMWF data are averaged.
ical properties. We averaged cloud properties over a 2× 2◦ latitude-longitude box centered
over the SMEAR II measurement station, Hyytia¨la¨, Finland (Fig. 5.1).
Since the cloud model is only valid for single-layered water clouds we selected clouds
according to their cloud optical thickness τ (3.7 < τ < 20) and cloud top pressure pct (pct >
780 hPa, corresponding to a cloud top height lower than about 2.5 km) based on the ISCCP
(International Satellite Cloud Climatology Project) definition of stratocumulus. We realize
that these criteria represent only an approximate climatological relationship between satellite
derived cloud properties and the classical morphological cloud types and therefore do not rule
out the inclusion of other types of clouds. Therefore, we tested the sensitivity of our results
for the τ-criterion by including also clouds that are optically thicker. We constrained the
retrievals to days for which the solar zenith angle did not exceed 60◦, which roughly limited
our retrievals to the months of April to September, coinciding with the boreal forest growing
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season. Furthermore, we selected only data with a satellite sensor zenith angle smaller than
60◦, to avoid the data to be affected by 3-D-radiative effects in the cloud (Va´rnai and Marshak,
2007). We only included pixels for which MODIS cloud phase qualified as “opaque water
clouds” to exclude the possible influence of ice clouds on the retrieval.
The occurrence of drizzle could affect the MODIS retrievals of cloud droplet effective
radius (reff), since it causes a bi-modal cloud droplet distribution, consisting of cloud droplets
and drizzle. Since the MODIS retrievals assume a single-modal distribution of cloud droplets
the retrieved reff may be underestimated in such cases (Bennartz et al., 2010). Therefore, we
excluded all satellite observations for which a simultaneous observation of precipitation was
done at the SMEAR II station. We acknowledge, however, that this does not rule out the
possible occurrence of non-ground reaching precipitation.
5.2.2 Ground-based measurements
The observations are performed at the SMEAR II field station at Hyytia¨la¨ (61◦51′ N, 24◦17′ E)
in southern Finland, where ecosystem, meteorological and aerosol properties are measured
since 1996 (Hari and Kulmala, 2005). During the growing season (April–September), the air
masses that arrive at the site are mostly of marine origin, except for the months of April when
advection of continental air dominates and July when advection of marine and continental
air masses have equal shares (Sogacheva et al., 2008). Levels of anthropogenic pollution are
low, especially during periods when air masses arrive from the sparsely populated northern
sector. For a more detailed site description, see Kulmala et al. (2001).
Aerosol size distribution data are obtained from a differential mobility particle sizer
(DMPS) (Aalto et al., 2001) that measured aerosols in the range from 3 to 500 nm until
December 2004 and aerosols between 3 and 1000 nm in diameter after that date. The num-
ber concentrations of aerosols above a certain activation diameter was obtained by summing
the aerosols from that diameter up to the upper limit of the measured size distribution, thus
assuming a fixed chemical composition of the aerosol over the size distribution.
Cloud condensation nuclei at various supersaturations have been measured with a CCN
counter from July 2008 to June 2009. A more detailed description of these measurements is
given by Sihto et al. (2011).
5.2.3 Cloud model
We used the cloud model of B06 to calculate NCD and h from satellite observations of cloud
droplet effective radius (reff) and cloud optical thickness (τ).
The model represents the microphysics and thermodynamics of a single-layered water
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cloud based on functions of the following form:
NCD = A1τ1/2r
−5/2
eff (5.1)
and
h = A2τ1/2r
1/2
eff , (5.2)
where:
NCD: cloud droplet number concentration (cm−3)
h: cloud physical thickness (m)
reff : effective radius of cloud droplets (µm)
τ: cloud optical thickness (–)
A1, A2: factors that contain the model’s uncertainties with respect to cloud thermody-
namics and microphysics.
The factors A1 and A2 are not constant, but depend on assumptions about the following
four cloud thermodynamic and microphysical factors: (1) the subadiabatic behavior of the
cloud, represented by the subadiabatic fraction Fr of the liquid water path, (2) the shape of
the liquid water profile (linear or C-shaped), (3) the ratio between the volume radius and
effective radius of the cloud droplets k1 and (4) if the variation in the vertical profile of the
liquid water content (LWC) is associated with variation in the droplet concentration or droplet
volume radius or both.
The reason that the model is only valid for stratiform clouds is that these clouds are
relatively homogeneous, so that the vertical profiles of LWC, NCD and other physical cloud
properties can be generalized rather easily. The model thus infers low-level, stratiform clouds
in or just above the boreal forest boundary layer, the clouds most likely to be affected by the
aerosols from the forest.
For the derivation of the model we refer to the papers of B06 and Boers and Rotstayn
(2001). Here we limit ourselves to an introduction of the governing equations of the cloud
model and focus in particular on the associated uncertainties. The equations to calculate NCD
and h from the input of satellite-based cloud optical properties respectively with the factors
A1 and A2 fully written out are:
NCD = 2−2/331/2pi−1
(
ρa
ρw
)1/2
A1/2ad k
−3
1 F
−1/2
i (Fr, α) G
5/2
i (Fr, α) τ
1/2r−5/2eff , (5.3)
and
h =
[
2
3
(
ρw
ρa
)
A−1ad F
−1
i (Fr, α) G
−1
i (Fr, α) · τ · reff
]1/2
(5.4)
where:
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ρa: density of air (kg m−3)
ρw: density of water (kg m−3)
Aad: adiabatic lapse rate of liquid water mixing ratio (g g−1 m−1)
k1: ratio between the second moment of the droplet size (volume radius rv) distribution
and its 3rd moment (effective radius reff) (–)
α: factor that determines shape of liquid water vertical profile (–)
Fr: subadiabatic fraction (–)
Fi and Gi are functions related to the mixing model that is used.
It is obvious from these relationships that NCD and h depend on a large number of pa-
rameters which are often poorly constrained. Therefore, a thorough uncertainty analysis is
required.
5.2.4 Uncertainty analysis
Calculation of NCD and h is subject to uncertainties in the retrievals of reff and τ by MODIS
and uncertainties that arise from using the cloud model. In this section we discuss possible
error sources in both retrieval and the cloud model, whether they are random or systematic
and how they propagate through the analysis. We are aware of the fact that the uncertainty
estimates are themselves often uncertain, but the following analysis will give some insight in
the contributions of the individual input parameters to the total uncertainty estimate.
Since the relation between the input variables and output variables of Eqs. 5.3 and 5.4
follows a power law (i.e. X = Yβ), the sensitivity of any output variable to any input parameter
or variable can be written as:
∂X
∂Y
= β
X
Y
(5.5)
where:
β: exponent of the power law relation between X and Y .
If we assume that the errors are normally distributed we can use Gaussian error propaga-
tion and write the relative errors of NCD and h, respectively, as follows:[
∂NCD
NCD
]2
=
[
3
∂k1
k1
]2
+
[
1
Z1
∂Z1
∂Fr
]2
+
[
1
2
∂Aad
Aad
]2
+
[
5
2
∂reff
reff
]2
+
[
1
2
∂τ
τ
]2
(5.6)
[
∂h
h
]2
=
[
1
Z2
∂Z2
∂Fr
]2
+
[
1
2
∂Aad
Aad
]2
+
[
1
2
∂reff
reff
]2
+
[
1
2
∂τ
τ
]2
(5.7)
where:
Z1 (Fr) = F−
1
2 (Fr, α) G
5
2 (Fr, α) (5.8)
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Z2 (Fr) = F−
1
2 (Fr, α) G−
1
2 (Fr, α) (5.9)
In the assessment of the uncertainties in the input parameters and other model parameters we
have made a distinction between the random and the systematic part of those errors.
Uncertainty in effective radius (reff) and cloud optical thickness (τ)
The retrievals of MODIS Level 2 (the already processed raw spectral data) cloud optical and
microphysical properties are described by Platnick et al. (2003). We used data from Collec-
tion 005, which are the first MODIS Cloud Optical Properties retrievals to include pixel-level
uncertainty estimates (King et al., 2006). The mean error for both reff and τ is about 13 %.
Based on these references, we estimate a random component of 25 %, which, after spatially
averaging the pixel values in the latitude-longitude box and temporally averaging these in
bins, results in an error of 10 %. This error estimate acknowledges the systematic error in
MODIS, but the temporal and spatial averaging levels out the random part of the error.
Uncertainty in ratio between volume and effective radius (k1)
The parameter k1 relates the volume radius to the reff of a droplet size distribution and there-
fore contains information on the skewness and dispersion of the droplet size distribution.
For the typical values of NCD that we find in our study (<100 cm−3), the range of pos-
sible values of k1 is relatively small. Following B06, we take k1 = 0.87 ± 0.03, so that
dk1/k1 = 0.03/0.87=3 %.
Uncertainty in subadiabatic fraction (Fr)
The cloud model considers the fact that mixing in of air into the cloud is a non-adiabatic
process by means of applying a subadiabatic fraction Fr to the cloud liquid water profile.
For single-layered water clouds Fr will roughly vary between 0.3 and 0.9, depending on the
intensity of turbulent entrainment and vertical mixing of the clouds and surrounding air. A
smaller Fr, for fixed values of the other parameters, means that the liquid water is distributed
over a larger vertical portion of the cloud, causing larger values of h and smaller values of
NCD. Since we have no further information on the actual Fr, we applied a value of 0.6 for
Fr, comparable to the values used in previous studies (B06, Roebeling et al., 2008). For the
uncertainty in Fr, we follow B06 and set Fr to 0.6± 0.3. We numerically evaluated the cloud
model for these variations in Fr, which yielded an error of 26 % for typical values of reff , τ
and Aad found in our study.
97
5. CLOUD DROPLET CONCENTRATION OVER THE BOREAL FOREST
Uncertainty in adiabatic lapse rate of liquid water content mixing ratio (Aad)
The adiabatic lapse rate of liquid water mixing ratio Aad (g g−1 m−1) depends on temperature
and pressure (Betts and Harshvardhan, 1987). Since it is equal to the amount of water that
condenses when a parcel of air rises along the moist adiabat, it is coupled to the moist adia-
batic lapse rate Γm. To obtain the range in Aad during the season, we need information on the
cloud base temperature and pressure. For Hyytia¨la¨, the seasonal surface temperature range
defined as the mean temperature in the warmest minus the mean temperature in the coldest
month in the period of our retrievals is about 13 ◦C (e.g. Kulmala et al., 2004a). By assuming
a mean cloud base at 1000 m and a well-mixed boundary layer, the cloud base temperature
(Tcb) can be estimated using:
Tcb = Ts − hcbΓd (5.10)
where:
Ts: surface temperature (K)
hcb: cloud base height (m)
Γd: dry adiabatic lapse rate (K m−1)
Under these assumptions, we arrive at an estimated minimum and maximum cloud base
temperature over Hyytia¨la¨ of −7 ◦C and 6 ◦C, respectively. For an estimated mean cloud base
pressure of 900 hPa, the corresponding minimum and maximum values of Aad is 1.09× 10−8
and 1.78× 10−8, respectively. This yields a mean Aad of 1.44× 10−8 ± 0.35× 10−8 implying
an error of 24 %.
Variations in Aad are likely to be systematic on seasonal time scales, because of its cou-
pling to temperature. Since a higher (lower) Aad leads to a higher (lower) NCD, this will lead
to an overestimation of the NCD in spring and autumn and an underestimation in summer.
Uncertainty in other parameters
Finally there are two parameters that control the vertical profiles of cloud optical proper-
ties in the cloud model, but which do not contribute significantly to the uncertainty in the
calculations of NCD and h, but which are discussed here for completeness.
The parameter α determines the curvature of the liquid water profile in the cloud model.
Following B06, the value is fixed at 0.3. They found that vertically averaged values of NCD
and h are insensitive to the choice of α.
Mixing with dry air from outside the cloud causes the liquid water path to deviate from the
adiabatic water path. There are basically two contrasting possible assumptions on the effects
of non-adiabaticity on the vertical profile of the liquid water path (1) either the departure from
the adiabatic liquid water path is caused by a change in droplet volume, while cloud droplet
number NCD is constant, or (2) the NCD is changed, while the droplet volume remains con-
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Figure 5.2: Sensitivity analysis of the cloud model to subadiabatic fraction Fr and the adia-
batic lapse ratio of liquid water content mixing ratio Aad, which are the two major contribu-
tors to the total uncertainty in the retrievals of NCD and h. The uncertainty is given in percent
relative to the retrievals for the best guess of the respective parameters for (a) NCD and (b) h.
The calculations are performed with reff = 12 and τ = 9.
stant. The former is referred to as homogeneous mixing, since the mixing evaporates water
from all cloud droplets at an equal rate. The second situation is referred to as inhomogeneous
mixing, because the cloud droplets are evaporated due to dilution of the cloud parcel with
environmental air, while the volume of the remaining droplets is conserved. Interestingly,
both assumptions result in about the same vertically averaged NCD (B06), so our results are
insensitive to the assumption on homogenous or inhomogeneous mixing conditions. We have
chosen to use the inhomogeneous mixing assumption in our analysis.
Combining all the discussed uncertainties in the individual input parameters, using Eqs.
5.6 and 5.7, we obtain a relative error in the calculation of NCD and h of respectively 38 %
and 21 %. The most important parameters contributing to these errors are Fr and Aad. To
illustrate the sensitivity of the cloud model to these two major sources of uncertainty on the
error estimate, their combined effect is shown in Fig. 5.2.
These large errors mean that the CCN that reach cloud base only partly explain NCD and
h as calculated by the model, due to variations in cloud microphysics and thermodynamics
that are not constrained by the satellite data.
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5.3 Results
We present an analysis of the seasonal cycle in NCD and the relationship between NCD and
surface aerosol concentration and meteorology.
5.3.1 Seasonal cycle in NCD
The seasonal cycles of satellite retrieved cloud properties from MODIS are shown in Fig.
5.3. The seasonal cycles in reff and τ show both largest values at the beginning of April and
a rapid decrease to a minimum in late April. After that both variables increase again. A large
interannual variability results in large uncertainties in the retrievals of reff in April. The cause
of this large interannual variability for this period is not clear. The number of data points
per bin and thus the occurrence of stratiform cloud cases does not show a clear seasonal
variability (Fig. 5.3c), except for the last bin which has a significantly lower number of data
points than the others.
We conducted a sensitivity analysis to assess the changes in retrieved variable values as
a function of the spatial domain over which the cloud properties are averaged. Changing the
size of the box to 1× 1◦ and 3× 3◦ did not significantly impact these outcomes. To test the
sensitivity of the retrievals to the definition of the cloud type, we relaxed the τ-constraint to
include clouds with an optical thickness up to 100. This also did not change the seasonal
cycle in observed cloud properties qualitatively.
The calculated seasonal cycle in NCD mainly follows the variations in reff (Fig. 5.4a). Sea-
sonal variations in τ only slightly dampen the seasonal cycle in NCD. The real seasonal cycle
in NCD is expected to be less pronounced than depicted in Fig. 5.4, because of the damp-
ening effect of the seasonal variation in Aad on the NCD, due to its coupling to temperature
as previously discussed in the section on error propagation. The range of absolute numbers
of NCD (between 40 and 100 per cm3) is rather low for continental areas and resemble the
numbers found by B06 for a remote marine location. NCD peaks in late April and early May.
After experiencing a minimum in mid-summer, NCD seems to increase again in September,
although this increase is not significant.
The calculations of cloud thickness h follow the pattern of reff and τ, although the uncer-
tainty of this result is large (Fig. 5.4d). This large uncertainty is a result of the uncertainty
in several input parameters of the cloud model, that vary on seasonal time scales, a point
which was also reported by B06. Roebeling et al. (2008), however, found good agreement
between retrieved h from the cloud model and h as observed by ground based observations.
A changing h due to aerosol effects could in principle affect the cloud albedo, but this effect
is not well understood and therefore we will not further discuss it.
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Figure 5.3: Seasonal cycle in (a) MODIS effective radius reff and (b) cloud optical thickness
τ over Hyytia¨la¨ for the years 2000 to 2008 (c) number of datapoints per bin. Each datapoint
corresponds to one of 24 bins, each representing the median value of the variable over all
years.
5.3.2 Relation to surface aerosol concentrations and meteorology
To find out if the seasonal cycle in NCD is driven by the number of activated aerosols we
compared it to surface concentrations of potential cloud nucleating aerosols. Since CCN-
measurements are not available for the whole period of available satellite observations, we
applied observations of aerosols with a diameter above a certain cut-off diameter as a proxy
for CCN-concentrations (NCCN) since size is in general a good indicator of ability of aerosols
to act as CCN (Dusek et al., 2006). We find that the number concentration of aerosols with
a diameter larger than 100 nm (N>100 from here onwards) is the best proxy for NCCN at 0.2 %
supersaturation (Fig. 5.5) with a correlation of r = 0.78 for the period July–September 2008
and April–June 2009. The chosen supersaturation is similar to the supersaturation of 0.25 %
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Figure 5.4: Median seasonal cycle over 2000–2008 in (a) cloud droplet number concentra-
tion NCD, (b) surface observations of CCN-proxy concentrations N>100, (c) potential tem-
perature difference between the 1000 and 950 hPa-level ∆θ1000−950, (d) standard deviation
of the vertical wind speed σw and (e) cloud depth h. The errorbars in NCD and h indicate
the uncertainty as calculated in Sect. 2.4. The errorbars in N>100 indicate the concentra-
tions of aerosols larger than 80nm (N>80, upper limit) and larger than 120nm (N>120, lower
limit), respectively, to account for the seasonal variation in critical diameter for CCN-activity
of aerosols at Hyytia¨la¨ (Sihto et al., 2011). Errorbars in ∆θ1000−950 designate the standard
error. Meaning of datapoints as in Fig. 5.3.
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Figure 5.5: Comparison of cloud condensation nuclei concentration at 0.2 % supersaturation
NCCN0.2 and number concentration of aerosols with a diameter larger than 100 nm N>100 for
the period July–September 2008 and April–June 2009. The line with a slope of 1 is included
for visual guidance. Correlation coefficient r = 0.78.
as used by B06 under weak convective conditions.
The seasonal cycle in NCD, however, does not resemble the seasonal cycle in N>100 (Fig.
5.4). The latter does have a similar peak in spring as the former, but the maximum in summer
in N>100 cannot be seen in the NCD. Actually, comparing individual years, it turned out that
the collective peak in spring is mainly reflecting a bias due to one year in which N>100 had
a very strong maximum in spring, which did not coincide with a maximum in NCD for that
year. The lack of correlation of NCD and N>100 can be seen from Fig. 5.6a. The correlation
coefficient of the median seasonal cycles over all years in NCD and N>100 is r = −0.24, while
for individual years it varies between r = −0.36 and r = 0.28. In addition, the absolute
numbers of NCD and N>100 differ approximately by one order of magnitude which further
supports the lack of a strong coupling between surface aerosol concentration and low-altitude
clouds.
Sihto et al. (2011), however, found that at Hyytia¨la¨ the critical aerosol diameter for cloud
droplet activation (dcrit) for a given supersaturation can vary considerably throughout the
season, especially for low supersaturations. This may be caused by the seasonal variation
in chemical composition of the aerosol at Hyytia¨la¨: the aerosol contains a large fraction of
organics in summer and has a relatively large contribution from anthropogenic sources in
winter. It means that the seasonal dynamics of NCCN may be different from those of N>100.
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Figure 5.6: (a) Comparison of CCN-proxy N>100 and cloud droplet number concentration
NCD and (b) the activated fraction Fact(3), defined as the ratio of NCD and N>100. Each data
point represents the median of one bin, each bin representing a period of about one week over
the years 2000 to 2008. The different marker colors and styles indicate the different years, as
shown in the legend.
For CCN at 0.2 % supersaturation dcrit varies roughly between 80 and 120 nm during the
growing season (Fig. 4 in Sihto et al., 2011). To test whether the lack of correlation with
NCD was a result of specifically using N>100 as a proxy for low supersaturation CCN, we also
tested the seasonal cycle in aerosol concentrations for values of dcrit of 80 and 120 nm (N>80
and N>120, respectively). N>80 and N>120 are added to Fig. 5.4 as respectively the upper and
lower bound of the errorbars around N>100. The seasonal cycle of all these variables show
the same two peaks in spring and summer, respectively, and therefore we conclude that the
lack of correlation between NCD and NCCN does not strongly depend on the selection of the
particular threshold diameter of the aerosol.
We discuss the activation of aerosols into cloud droplets in terms of the activated fraction
(Fact), here defined as:
Fact =
NCD
NCCN
≈ NCD
N>100
(−) (5.11)
where:
NCD: cloud droplet number concentration (cm−3)
NCCN: surface CCN-concentration (cm−3)
N>100: proxy for surface NCCN at 0.2 % supersaturation (cm−3)
Fact thus gives information on the sensitivity of the cloud droplet activation to NCCN. This
means that we do not distinguish between whether activation of cloud droplets is limited by
the transport of CCN from the surface to cloud base or whether the actual activation of the
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Figure 5.7: Schematic illustration of the different definitions of activated fraction (Fact) as
found in literature: Fact may refer to (1) the ratio of the ratio of the total aerosol concentration
(NA) and CCN-concentration (NCCN) at the surface (e.g. Jura´nyi et al., 2010; Sihto et al.,
2011) to (2) the ratio of NA at cloud base and NCD (e.g. Kulmala et al., 1993; Reutter et al.,
2009). In the present study, Fact refers to (3) the ratio between NCCN at the surface and NCD.
CCN as cloud droplets is limiting. It is important to note that this definition of Fact differs
from others that are found in literature. In studies on cloud droplet activation, the activated
fraction is defined as the ratio between the total aerosol concentration (NA) at cloud base
and NCD (Kulmala et al., 1993; Reutter et al., 2009). Another definition is used in studies
of CCN-activation (Jura´nyi et al., 2010; Sihto et al., 2011), where Fact is defined as the ratio
between NA and NCCN at the surface. These different definitions are illustrated in Fig. 5.7.
To illustrate the different activated fractions, we have calculated Fact(1) and Fact(3) for the
period that we have data for NA, NCCN and NCD, i.e. July to September 2008. Figure 5.8
shows that NCCN increases with increasing NA. Fact(1), which is the ratio of these, does not
have a clear pattern over this period, but when looking at a longer period, Sihto et al. (2011)
found a seasonal cycle in Fact(1) at this site. The behaviour of Fact(3) for this period is similar
to that of the whole measurement period, showing little sensitivity of NCD to NCCN0.2. How
Fact(2) would behave, can be illustrated by the following limiting cases: (1) if CCN-activation
is transport limited, meaning that few CCN are transported from the surface to cloud base, we
would expect a high Fact(2), since few CCN reach cloud base, but those that do are activated.
(2) If CCN-activation is limited by the activation itself, many CCN reach cloud base, but few
are activated, resulting in a low Fact(2). In reality, these 2 effects will be combined, but based
on our results we cannot distinguish between them.
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Figure 5.8: The activated fraction Fact for the period July–September 2008, for which there
are data available of aerosol concentration NA, CCN-concentration at 0.2% supersaturation
NCCN0.2 and cloud droplet concentration NCD. (a) Comparison of NCCN0.2 and NCD, (b) Fact(3),
defined as the ratio of NCD and NCCN0.2, (c) comparison of NA and NCCN0.2 and (d) Fact(1),
defined as the ratio of NCCN0.2 and NA.
In Fig. 5.6b we show that Fact(3) is large for low N>100 and small for high N>100. This
suggests that cloud droplet activation is not limited by the availability of cloud-nucleating
aerosols; when N>100 increases, droplet activation reaches saturation as can be seen from the
decreasing Fact(3). This situation is described as a regime where cloud droplet activation is
updraft limited in a theoretical study of the influence of aerosol number, size and hygroscop-
icity on the cloud droplet activation of aerosols by Reutter et al. (2009) (see also Kulmala
et al., 1993). When the updraft velocity is small, only a small fraction of the aerosols that
reach cloud base activate as cloud droplets. Because these aerosols attract water, the super-
saturation in the cloud is quenched, which inhibits further cloud droplet activation. Adding
more aerosols will consequently not lead to more cloud droplets. The behavior of Fact(3), as
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presented in Fig. 5.6b, is similar to their results for conditions of low updraft velocities and
hence low supersaturations (Fig. 4 in Reutter et al., 2009).
Information on the strength of convection could give more insight in the processes behind
this behavior. As an indicator for convection, we use the potential temperature difference
close to the surface, which represents thermal (in)stability in the sub-cloud layer. We obtained
these data from the ECMWF ERA-Interim dataset on the ECMWF Data Server for the same
spatial domain as we have obtained cloud properties for. Figure 5.4 shows a strong correlation
between NCD and the potential temperature difference between 1000–950 hPa (∆θ1000−950)
with a correlation coefficient r = 0.76. The median seasonal cycle over all years in NCD
and ∆θ1000−950 both show two peaks in spring and early summer, while the minimum in NCD
during summer is less pronounced in ∆θ1000−950.
For the individual years, the correlations between NCD and ∆θ1000−950 are weaker and
vary between 0.25 and 0.46, but the sign is consistently positive. A similar, but somewhat
weaker, relation was found between NCD and the potential temperature difference between
1000–900 hPa.
We also looked at the relationship between updraft velocities and NCD. We use the stan-
dard deviation of the updraft velocity (σw) as measured at the SMEAR II station, since σw is
a more reliable measure of vertical motions than the absolute values of the updrafts (Leaitch
et al., 1996; Rosenfeld and Feingold, 2003). We found that the correlation between σw and
NCD is weak, but positive with r = 0.46. This weak correlation could be caused by the fact
that we compare point measurements with spatial averages and that we use measurements in
the surface layer to discuss activation at cloud base.
5.4 Discussion and conclusions
Our results show that there is a clear seasonal cycle in NCD in low level liquid water clouds
over Hyytia¨la¨. This seasonal cycle can, however, not be explained by seasonal variations
in concentrations of cloud active aerosols. Rather, the sharp decrease of activated fraction
with increasing NCCN suggests that droplet activation in the clouds that are included in our
analysis is updraft-limited (cf. Reutter et al., 2009). The good correlation between NCD and
the stability of the boundary layer, as diagnosed from the potential temperature difference,
further indicates that the transport and mixing of the aerosols from the surface to cloud base
is an important factor for determining which part of the aerosols actually activate into cloud
droplets. Both findings could be explained by the fact that the studied clouds, low-level
stratiform clouds over the boreal forest, represent a cloud type and environment, respectively,
which are not associated with the occurrence of strong convection. However, based on this
analysis, we cannot say whether the transport of aerosols from the surface to cloud base or
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the actual activation of those aerosols in the cloud is the limiting factor for cloud droplet
activation (Fig. 5.7). Therefore, we use the term convective limitation to acknowledge that
both the effects of transport and activation and possibly a combination of them could be
limiting factors for cloud droplet activation.
We acknowledge, however, that the effects of the chemical composition of the aerosols
that serve as CCN should be studied further to clarify its role in the seasonal cycle in CCN-
activation over the boreal forest. Especially under conditions of weak convection which re-
sults in low supersaturations the effect of the hygroscopicity could become important (e.g.
Dusek et al., 2006). This effect is already clear from the uncertainty due to a seasonal varia-
tion in activation diameter as found by Sihto et al. (2011). This uncertainty is included as the
error bars of Fig. 5.4b.
Formation of convective cumulus clouds, on the other hand, is closely coupled to surface
conditions (e.g. Brown et al., 2002) and to conditions of stronger convection and therefore
higher updraft velocities. Consequently, for these clouds the signal of the NCD is more likely
to follow the NCCN at the surface. So our results, with a focus on stratiform clouds, do not rule
out the possibility that aerosols from the boreal forest influence the other types of clouds over
the forest. However, our results suggest that it is important to take the strength of convective
transport into account when studying the AIE over boreal forests.
This convection-limitation may therefore be one of the factors to explain the weaker
aerosol-cloud interaction as derived from satellite measurements of cloud properties com-
bined with ground-based measurements of aerosol concentration, compared to ground-based
measurements of both aerosols and cloud properties only as found by Lihavainen et al. (2010)
for the northern high-latitude site Pallas. For the boundary layer clouds which are included
in their satellite observations, the transport of aerosols to- and their activation in the cloud
may be a limiting factor for their influence on cloud properties. This may be less important
for the very low altitude clouds, which are that close to the surface that they surround the
measurement station during some of the time.
Opposite to our results, Boers et al. (2006) found a clear relation between NCD and NCCN.
They, however, studied clouds over the ocean, which do not experience the strong diurnal
cycle in atmospheric boundary layer as over land. Therefore a well-mixed boundary layer is
almost constantly present, which facilitates the transport of aerosol particles from the ocean
surface to cloud base. The low values of NCD that they find may indicate an aerosol-limited
regime of cloud droplet activation.
The method to retrieve NCD that we applied in our study represents the state-of-the-art of
current remote sensing techniques at high latitudes. Still, the error in the calculation of NCD
is large due to uncertainties in the representation of cloud microphysics and thermodynamics.
This large error may cause NCD to vary independently from the number of CCN that actually
reach cloud base. In this case, we find that there is a seasonal cycle in NCD that has a distinct
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shape that cannot be explained by a systematic seasonal variance in one of the input factors or
cloud model parameters. Roebeling et al. (2008) showed that the method of B06 works well
for carefully selected conditions (no drizzle, single layer, homogeneous in space and time,
water phase), preferably supported with ground-based observations (lidar, radar, information
about cloud base height and temperature). However, in their study over the Netherlands the
number of cases that met the boundary conditions was limited. The same may be the case over
Finland. Thus proving the first AIE from satellite retrievals requires very careful selection
of representative cases. Therefore, we recommend that these satellite derived observations of
NCD should be validated with in-situ measurements of cloud properties over the boreal forest,
for example by radiosonde or airplane measurements or by ground based remote sensing.
The data presented in this study are among the first observations of cloud properties over
the boreal forest, related to the production of cloud active aerosols by the forest. We find
that the NCD in the studied clouds is insensitive to aerosol concentrations at the surface.
Furthermore, information on the vertical structure of the atmosphere indicates that low NCD
is related to stable atmospheric conditions. From the combination of these two findings we
conclude that convection may be a limiting factor for the activation of aerosols from the
boreal forest as cloud droplets. Our analysis suggests that studies that do not take the role
of convection into account when assessing the impact of aerosols from the boreal forest on
cloud properties may overestimate their indirect radiative forcing. It stresses the need for a
stronger involvement of the boundary layer and cloud research communities in such analysis
of land-atmosphere interactions focusing on aerosols-cloud feedback mechanisms.
109
5. CLOUD DROPLET CONCENTRATION OVER THE BOREAL FOREST
110
6
Conclusions
This chapter summarizes the main findings of the two parts of thesis. Since the answers
to the research questions are already discussed in detail in the individual chapters, only
the most important conclusions will be explained here.
6.1 Diurnal evolution of organic aerosol over boreal and
tropical forests
The first research question of this thesis is: how do local surface forcings and large-scale
meteorological forcings shape the evolution of organic aerosol over the boreal and tropical
forest? This question is dealt with in Chapters 3 and 4 in case studies for the boreal and
tropical forest, respectively. To answer this question a modeling tool (MXLCH-SOA) is
developed, which represents land surface conditions and dynamical and chemical processes
that influence the evolution of organic aerosol (OA) in a balanced way. The novelty of our
approach is that it combines the dynamics of a convective boundary layer (BL) with a reduced
gas-phase chemistry mechanism and a module for gas/particle-partitioning of semi-volatile
organic species. The principles and governing equations of this modeling tool are described
in Chapter 2 and in the subsequent chapters the simplified chemical reaction schemes are
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presented to calculate secondary organic aerosol (SOA) formation from terpenes (Chapter 3
and 4) and from isoprene (Chapter 4).
Despite its simplicity, MXLCH-SOA is able to satisfactorily reproduce the main observed
characteristics of dynamics, gas-phase chemistry and gas/particle partitioning for the two
studied forest ecosystems and it enables us to explain the temporal variability of the concen-
trations of organic aerosol and its precursors as a function of the various processes. In short,
the results show that the diurnal evolution of organic aerosol in a boreal and a tropical forest
is the net result of land surface conditions, boundary layer dynamics, chemical transforma-
tions and gas/particle partitioning. In the case study for the boreal forest, the entrainment
term of the background OA dominates the OA tendency, while in the tropical forest case
it is the interplay of several local and large scale processes that shape the diurnal evolution
of OA. A sensitivity analysis for the boreal forest case further shows that the OA concen-
tration is sensitive to both volatile organic compound (VOC) emissions and the partitioning
of the surface energy budget into a latent and a sensible heat flux. We have identified two
regimes, based on which of the two studied land surface drivers dominates: one in which OA
is mainly driven by SOA formation from the emitted VOCs and another in which dilution due
to entrainment, as driven by the surface energy fluxes, determines the OA concentration. A
background OA to fresh SOA ratio is introduced to facilitate the interpretation of this anal-
ysis and is used to quantify the contributions of both fresh and background components to
the total OA concentration. One main difference between the two case studies is that in the
boreal forest entrainment appears to dominate the diurnal cycle, which leads to a decreasing
OA concentration during the day, while in the tropical forest the formation of SOA from both
isoprene and terpenes leads to increasing OA concentrations during day time. The MXLCH-
SOA framework therefore shows the need to represent all these biochemical and physical
process simultaneously in order to understand the diurnal evolution of OA.
As the boundary layer dynamics-chemistry system is not a closed system, it is necessary
to further study the influence of external forcings on the diurnal evolution of OA, besides
the surface forcings. Two types of large-scale meteorological forcings and their effects on
OA evolution through their impact on BL dynamics have been studied: subsidence due to
the presence of a high pressure system and advection of relatively cool air. In Chapter 3 a
theoretical sensitivity analysis is given of OA evolution to subsidence, which is applied to the
tropical forest case study in Chapter 4. Subsidence has a rather counter-intuitive effect on OA
concentrations: even though it suppresses the growth of the BL and consequently decreases
the mixing volume for chemical species, it leads to decreased OA concentrations. The reason
for this is that entrainment is strongly enhanced in case of subsidence due to thermodynamic
effects, which results in a stronger dilution of OA. This knowledge is applied in the case study
for the tropical forest in Chapter 4, since results from a large-scale model show subsiding air
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motions over the measurement site and surroundings at Borneo.
In addition to subsidence, the advection of cool air is needed to reproduce the observed
boundary layer dynamics at Borneo: only if subsidence and advection of relatively cool air
are accounted for, the observed low BL height can be reconciled with the large observed
surface sensible and latent heat flux. This cool air suppresses BL growth and entrainment.
Consequently, the aerosol is trapped in a shallower layer, which leads to an increased concen-
tration compared to the case without advection of cooler air. In conclusion, the large-scale
meteorological forcings subsidence and advection of cool air have opposing effects on the
diurnal evolution of OA, even though both suppress BL growth. These findings show the util-
ity of our method in identifying effects that should be accounted for in large-scale chemistry
transport models.
The second research question is whether recently discovered pathways of isoprene chem-
istry are the key to closing the gap between measured and modeled organic aerosol concentra-
tions in tropical forests and other high isoprene environments. To address this issue, several
mechanisms which may affect SOA formation from isoprene are implemented in MXLCH-
SOA and discussed in Chapter 4. The hydroxyl radical (OH), the main oxidant of isoprene,
is thought to be regenerated in the oxidation of isoprene. We find that for the tropical forest
case study, we can not reconcile the modeled concentrations of VOCs, OH and OA with their
observed concentrations and fluxes both for cases with and without OH recycling. Therefore,
we conclude that the issue of recycling of the OH radical in the oxidation of isoprene has to
be solved before its effect on SOA formation can be determined.
The formation of SOA from isoprene involves multiple generations of oxidation and due
to this complex chemistry there is no single mechanism which can explain SOA formation
from isoprene under all conditions. To gain understanding in this issue, we have implemented
different pathways through which isoprene SOA is known to form, although we do not ex-
plicitly account for the detailed isoprene oxidation chain. A central aspect of this branching
approach is whether the isoprene peroxy radical chemistry follows the low- or the high-NOx
pathway. We find that the latter channel dominates in our case study. For SOA formed
through the high-NOx channel, we further account for the effect of the NO2/NO ratio on SOA
yields. In the presented case study this has little effect as this ratio is low, it but could be
more important in regions with slower photochemistry or higher emissions of anthropogenic
pollution. In the low-NOx regime, isoprene epoxides (IEPOX) are important intermediate
gas-phase species in the formation of isoprene SOA. Even though the low-NOx pathway is
only a minor one here, the amount of IEPOX SOA formed is likely substantial, although a
better understanding of the exact mechanisms for its formation is needed to confirm this.
However, as in previous studies we systematically underestimate the organic aerosol con-
centration in a tropical forest even though we incorporate the state-of-the-art knowledge on
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isoprene SOA formation in MXLCH-SOA. Nevertheless, we advocate accounting for NOx-
regime specific chemical pathways when modeling isoprene SOA formation. As this field is
rapidly evolving in terms of the development of new measurement techniques and the dis-
covery of chemical mechanisms, we strongly recommend the intensive use of our modeling
system to gain further understanding of the diurnal variability of OA and for testing new
hypotheses under atmospheric conditions.
6.2 Satellite observations of cloud droplet concentration over
the boreal forest
The final objective of this thesis is to understand how aerosols and meteorological factors
influence cloud droplet concentration over the boreal forest. This is a first step in translating
the process understanding such as addressed in the previous chapters to larger spatio-temporal
scales. Since this objective considers different temporal and spatial scales, a different method
is applied in Chapter 5 than in the foregoing chapters. Observations of cloud properties by
the MODIS instrument onboard the Terra satellite are combined with a model that contains
the microphysics and thermodynamics of a single-layered water cloud to obtain a seasonal
cycle of cloud droplet number concentrations, averaged over 9 years of data. This seasonal
cycle in cloud droplet concentration is compared with aerosol concentrations at the surface
and meteorological fields from ECMWF reanalysis. We find that the cloud droplet number
concentration is related to the potential temperature gradient in the boundary layer, a mea-
sure for the strength of convection, while it shows no clear relationship with the cloud active
aerosol concentration at the surface. From this we conclude that the convective transport of
the aerosols from the surface to cloud base is the limiting factor for their activation as cloud
droplets. However, convection will also influence the formation of clouds from a thermody-
namic perspective. Therefore, it is likely that convection, as driven by land surface conditions,
regulates both transport of aerosols to cloud base and the height of the cloud base, defined
as the height at which water vapor reaches its saturation pressure. To ultimately understand
the effect of the boreal forest on cloud properties, the effects of aerosols and thermodynamics
should be studied simultaneously.
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Synthesis and outlook
This thesis consists of two parts, that are different in terms of both the processes and
the spatiotemporal scales that are considered: Part 1 (Chapters 3 and 4) deals with the
diurnal evolution of organic aerosol (OA) mass at diurnal and local scale, whereas Part
2 (Chapter 5) deals with observations of cloud droplet concentration at seasonal and
regional scale. Here, I expose my view on how to close the gap between these two aspects,
related to the state-of-the art literature. My strategy is to continue the line of reasoning
developed in the introduction (Chapter 1) that the forested land surface is coupled with the
atmosphere by regulating the sensible and latent heat fluxes on one hand and by providing
volatile organic compound (VOC) emission fluxes on the other hand. Both turbulent heat
fluxes are relevant in the transport of the emitted VOCs and the subsequent formation of
secondary organic aerosol (SOA), and in the formation of boundary layer (BL) clouds.
First, I explain which essential processes need to be addressed in future studies that aim
to link the diurnal evolution of OA to the activation of aerosols as cloud droplets. To this
end, I briefly review the current state of knowledge, both on biogenic aerosols from boreal
and tropical forests and on the coupling of BL cloud formation to the surface (see the
two branches in Fig. 7.1). Second, I analyze how to bridge the gap between the different
disciplines involved in the coupling of the land surface with cloud formation.
7. SYNTHESIS AND OUTLOOK
7.1 From aerosol mass to number concentration
In Chapter 3 and 4, the diurnal evolution of the mass concentration of organic aerosol is
studied by integrating the two branches of land-atmosphere coupling shown in Fig 7.1. How-
ever, to understand how aerosols affect cloud formation (as in Chapter 5), it is imperative to
know the number concentration of cloud active aerosols, known as cloud condensation nuclei
(CCN). To make the step from the aerosol mass concentration to aerosol number concen-
tration and size distribution, and to complete branch that is initiated by VOC emissions in
Fig. 7.1, the sources of submicron particle number have to be known. These particles pro-
vide the seed aerosols for the organic compounds to condense onto, resulting in the growth
of these particles to CCN sizes. In the boreal forest, nucleation of new particles from gas-
phase species is the dominating particle number source (Kulmala et al., 2001; Dal Maso et al.,
2007). In tropical forests, on the other hand, nucleation has not been observed and primary
particles are thought to determine the particle number (Po¨schl et al., 2010; Po¨hlker et al.,
2012). It should be noted that observations of particle number source in tropical forests are
limited to the Amazon rain forest. However, CCN concentrations at Borneo are much higher
than those in the Amazon (Irwin et al., 2011), which might indicate different formation mech-
anisms.
Observations in boreal (Sihto et al., 2011) and tropical forests (Gunthe et al., 2009; Irwin
et al., 2011) show that CCN in both environments contain a large organic fraction and there-
fore that organic compounds contribute to the growth of these particles. Addition of organic
compounds to existing aerosols can occur by condensation onto freshly nucleated particles
(O’Dowd et al., 2002; Allan et al., 2006; Laaksonen et al., 2008; Riipinen et al., 2011; Pierce
et al., 2011) and by coating primary particles (Po¨schl et al., 2010; Po¨hlker et al., 2012).
Freshly nucleated particles have a diameter of about 1 nm and organics molecules are
important in the first steps of their formation (O’Dowd et al., 2002; Metzger et al., 2010). To
grow to sizes at which they can act as CCN (at least 30-100 nm (Dusek et al., 2006)), the
uptake of vapors by these nanoparticles is required. Particles have been observed to grow
to CCN sizes rapidly after their nucleation in forested environments (Kerminen et al., 2005;
Pierce et al., 2012). In these environments, the oxidation products of biogenic VOCs are
an important vapor source (Allan et al., 2006; Laaksonen et al., 2008; Riipinen et al., 2011;
Pierce et al., 2012). The number of CCN that is eventually formed from nucleation depends
on the competition between the growth of the freshly nucleated particles and their loss due
to coagulation with other particles (Pierce and Adams, 2007). Most observed particle growth
rates lie in the range from 1-10 nm h−1 (Kulmala et al., 2004b). Therefore, the growth of
nucleated particles to CCN sizes will typically take between a few hours and a few days.
However, the exact mechanisms by which organics contribute to the growth of these particles
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Figure 7.1: Conceptual representation of main processes and variables of the system that
links the vegetated land surface, boundary layer dynamics, aerosol chemistry and dynamics,
and cloud formation. Shown are the two branches through which vegetation affects clouds:
heat flux partitioning into a sensible and latent heat flux, and VOC emissions. The left-hand-
side branch shows how the sensible (H) and latent (LE) heat flux drive the macrophysics.
The heat flux partitioning controls the temperature (T), humidity (q) and the boundary layer
height (h). Therewith it determines whether saturation of water vapor occurs and at which
height: the lifting condensation level (LCL). The right-hand-side branch represents the emis-
sions of volatile organic compounds (VOC). After chemical transformation these become
semi-volatile VOCs (SVOC). Dilution in the atmosphere and temperature determine whether
these SVOCs condense into the secondary organic aerosol (SOA) phase. SOA consists of
semi-volatile and low-volatile oxidized organic aerosol (SV-OOA and LV-OOA, respectively),
depending on the degree of oxidation. The number of available particles is driven by either
nucleation or primary sources. The SOA will condense onto these particles and thereby drive
their growth to sizes at which they can act as cloud condensation nuclei (CCN). The phys-
iochemical properties of the CCN and the supersaturation that is attained as driven by the
macrophysics determine whether the CCN will activate as cloud droplets. In that way, both
branches drive the cloud droplet number concentration (NCD) and other cloud properties.
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are not well understood (Riipinen et al., 2012).
Chemical aging of organics is likely an essential requirement for their condensation on ex-
isting particles, especially when these have diameters of only a few nanometers. In Chapters
3 and 4, only the formation of semi-volatile VOCs (SVOCs) and their gas/particle partition-
ing has been modeled and compared to the semi-volatile oxidized organic aerosol (SV-OOA)
fraction as derived from AMS measurements. However, Jimenez et al. (2009) proposed to
make a distinction between two subtypes of OOA: the less oxidized SV-OOA and the more
oxidized low-volatile OOA (LV-OOA). SV-OOA will gradually evolve into LV-OOA due to
photochemical processing. For example, SOA from α-pinene becomes similar to atmospheric
SV-OOA after some aging in a reaction chamber and evolves into LV-OOA after prolonged
exposure to OH (Jimenez et al., 2009). Exposure to OH leads to the further oxidation of
many organic molecules that would mostly remain in the gas-phase themselves, resulting in
the formation of higher generation oxidation products with lower saturation concentration
(Donahue et al., 2012). Also aerosol phase reactions can be important for decreasing the
volatility of organics (Riipinen et al., 2012). Aging thus leads a higher OA mass and includ-
ing it in representations of SOA formation may help to close the gap between modeled and
measured OA concentrations, as found in Chapter 4.
Moreover, Pierce et al. (2011) found that to condense on particles of 3 nm, organics need
to have saturation concentrations of 10−3-10−2 µg m−3, which is several orders of magnitude
lower than the volatilities of the SVOCs in this thesis. They suggested that reactions in both
gas and aerosol phase could contribute to this decrease in volatility. Therefore, models that
represent nanoparticle growth to CCN sizes due to condensation of organic vapors combine
equilibrium partitioning of SV-OOA and kinetic uptake of LV-OOA (Riipinen et al., 2011;
Yu, 2011).
The mechanisms governing the uptake of organics on primary particles from tropical
forests have only recently begun to be studied. Po¨hlker et al. (2012) proposed that in the
Amazon, primary particles containing potassium salts emitted by rain forest biota are impor-
tant seed aerosols for VOC oxidation products to condense onto. Specifically, they suggest
that aqueous phase chemistry could be important in the growth and aging of these particles.
Regardless of the exact mechanism, addition of organic material increases both the size of
a particle and the amount of hygroscopic material in it. In that way, organics influence both
the Kelvin (surface tension) and Raoult (solute) terms of the Ko¨hler equation, which describes
the activation of a particle as cloud droplet (e.g. McFiggans et al., 2006). Laboratory studies
show that the hygroscopicity of SOA is lower than that of inorganic salts like ammonium
sulphate (King et al., 2007; Prenni et al., 2007). Similar hygroscopic properties as in lab
studies are found in ambient measurements of predominantly organic CCN (Gunthe et al.,
2009; Irwin et al., 2011; Sihto et al., 2011). Also here chemical aging can play an important
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role, since the hygroscopicity of the OA generally increases when it becomes more oxidized
(Jimenez et al., 2009).
In conclusion, organics can influence both the size and the hygroscopicity of an aerosol
and therewith determine whether it will act as a CCN.
7.2 Macrophysics of cloud formation
The exact origin and type of the clouds that are included in the satellite retrievals in Chapter 5
is unknown, since their selection is based on bulk properties (i.e. cloud top pressure and opti-
cal thickness). Nevertheless, I decide to focus on shallow cumulus clouds in this description
of the macrophysics of cloud formation (left-hand-side branch in Fig. 7.1), since formation
of these BL clouds is strongly coupled to the land surface and consequently has a strong
diurnal cycle (Freedman et al., 2001; Brown et al., 2002; Vila`-Guerau de Arellano et al.,
2012). They are likely the clouds that are most directly influenced by aerosols formed from
forest emissions, since the convective updrafts that transport water and heat from the surface
to the height at which the cloud forms, will also transport aerosols formed near the surface.
Shallow cumulus clouds play a key role in the transport of chemical species out of the BL
(Vila`-Guerau de Arellano et al., 2005; Verzijlbergh et al., 2009), in reflecting and scattering
incoming solar radiation (Dai et al., 1997) and in the further development of deep convective
clouds (Garcia-Carreras et al., 2010; Zhang and Klein, 2010). However, their dynamics are
very complex (Siebesma and Cuijpers, 1995; Jonker et al., 2008) and the effect of aerosols on
their radiative and precipitation forming properties is far from being well understood (Jiang
and Feingold, 2006; Stevens and Feingold, 2009).
In view of the complexity of the dynamics and microphysics in BL clouds, here I take
a simple approach as a first approximation to link the two branches of Fig. 7.1. From a
thermodynamic point of view, there is one clear criterion that must be met for a cloud to
form: air has to be supersaturated with respect to liquid water. Since saturation of water
vapor is a function of temperature and humidity, the potential for cloud formation is regulated
by the dynamics of the BL, as driven by the surface forcings (Freedman et al., 2001). The
height of the cloud base, known as the lifting condensation level (LCL), can be determined
by comparing the specific humidity with the saturation specific humidity: where these are
equal, a cloud can form (van Heerwaarden and Vila`-Guerau de Arellano, 2008). Formation
of a cumulus cloud can only occur if the LCL is below the BL height, since then the large
turbulent eddies rising from the surface can reach the saturation level. After reaching the
LCL, water vapor starts to condense onto the CCN in the air parcel, which will then form
cloud droplets. Furthermore, the updraft velocity of an ascending air parcel determines its
rate of cooling and therewith the level of supersaturation that is attained. In that way, it
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regulates which and how many aerosols are activated as cloud droplets (McFiggans et al.,
2006).
The LCL and the updraft velocity of the air parcel thus form the link between the macro-
and microphysics of cloud formation.
7.3 Outlook
In the previous two sections I have reviewed the current status of the knowledge on the aspects
of organic aerosols and macrophysics related to the formation of clouds. It is necessary
to further integrate the two branches of land-atmosphere coupling, initiated by surface heat
flux partitioning and VOC emissions, respectively, (Fig. 7.1) to eventually determine their
combined influence on cloud droplet concentration and other cloud properties.
The branch of land-atmosphere coupling initiated by the emissions of VOCs is the most
challenging one. The first challenge is to accurately describe the mass (volatility) and oxida-
tion state (aging) of OA, since both are needed to predict their contribution to the growth of
existing particles and the hygroscopicity of those particles. This can be done by expanding the
currently used volatility basis set (VBS) that only includes volatility to a representation that
captures both the volatility and oxidation state of the OA (e.g. the 2D VBS, Jimenez et al.,
2009). To further understand and quantify CCN formation, an aerosol microphysics model is
needed to determine how organics affect the particle size distribution and composition both
by condensational and kinetic uptake (Riipinen et al., 2011; Yu, 2011).
To finally set the step to understanding the cloud droplet concentration, micro- and macro-
physics of cloud formation need to be considered simultaneously. The importance of BL dy-
namics in setting conditions for cloud formation by determining the LCL has been explained.
A cloud parcel model that includes the microphysics of cloud droplet activation could be used
to study the sensitivity of cloud droplet concentrations to aerosol concentration and proper-
ties, and updraft velocity (e.g. Reutter et al., 2009).
I recommend to further study these process interactions on diurnal time scales, because
both aerosol mass and number concentration and shallow cumulus clouds have a strong di-
urnal cycle, so the processes that lead to their formation interact at diurnal time scales. Be-
sides, this gives the opportunity to integrate modeling with observational data from inten-
sive observation periods. Recent field campaigns in boreal (HUMPPA-COPEC, Williams
et al., 2011), tropical (OP3, Hewitt et al., 2010), temperate (BEACHON-RoMBAS, http:
//tinyurl.com/BEACHON-RoMBAS) forests include simultaneous observations of chemistry
and dynamics, and therefore provide good opportunities for gaining further understanding of
the couplings between dynamics and chemistry of aerosol and cloud formation.
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To eventually complete the feedback loop between vegetation and clouds, the influence
of aerosols and dynamics on cloud fraction and radiative properties needs to be considered.
Once activated as cloud droplets, aerosols can affect the cloud albedo (Twomey, 1977) and
lifetime (Albrecht, 1989) and the formation of precipitation (Andreae and Rosenfeld, 2008).
Quantifying the magnitude of these aerosol indirect effects is another great challenge (Stevens
and Feingold, 2009). In principle, cloud fraction and radiative properties influence the amount
of solar radiation reaching the surface. Thereby they can in turn affect the surface heat fluxes
(Jiang and Feingold, 2006), on one hand, and VOC emissions (Guenther et al., 1995), on the
other hand, thereby closing the feedback loop.
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Samenvatting
Boreale en tropische bossen vormen een belangrijke bron van organische aerosolen (OA), die
het klimaat kunnen beı¨nvloeden op een directe manier door inkomende straling te verstrooien
of indirect door het veranderen van de capaciteit van wolken om zonlicht te weerkaatsen.
Daarmee beı¨nvloeden ze de stralingsbalans aan het landoppervlak, en vormen op die manier
een koppeling tussen bossen, aerosolen en het klimaat. In dit proefschrift wordt de evolutie
van organische aerosolen in de atmosferische grenslaag bestudeerd en hoe deze geactiveerd
worden als wolkendruppels, met een speciale nadruk op de rol die land-atmosfeer interacties
hierin spelen. Bossen spelen hierin een dubbele rol: ze sturen de dynamica van de atmos-
ferische grenslaag aan door het verdelen van de beschikbare energie aan het oppervlak in
een voelbare en een latente warmtestroom en ze drijven de formatie van secundaire organ-
ische aerosolen (SOA) doordat ze vluchtige organische componenten (VOC) uitstoten, die
SOA kunnen vormen na oxidatie in de atmosfeer. Het doel van dit onderzoek is het be-
grijpen van de evolutie van organische aerosol concentraties in de atmosfeer boven bossen
en hoe deze aerosolen activeren als wolkendruppels. Hiertoe bestuderen we het gekoppelde
landoppervlak-grenslaagdynamica-VOC chemie systeem op een geı¨ntegreerde manier.
Als eerste onderzoeken we de evolutie van OA in de atmosfeer op de tijdschaal van een dag.
Daarvoor ontwikkelen we een modelopzet met als doel het representeren van de essentie van
alle relevante componenten in het gekoppelde grenslaagdynamiek-VOC chemie systeem, met
inbegrip van de formatie van semi-volatiele organische componenten (SVOC) en hun splits-
ing tussen de gas- en de aerosolfase (Hoofdstuk 2). Dit model is gebruikt om de dagelijkse
gang van OA in een boreaal bos in Finland te analyzeren als functie van landoppervlaktecon-
dities, grenslaagdynamiek en chemie (Hoofdstuk 3). We analyseren wat de bijdrage is van de
verschillende processen aan de waargenomen OA concentraties. Vervolgens voeren we sys-
tematische numerieke experimenten uit om uit te zoeken hoe gevoelig OA concentraties zijn
voor landoppervlaktecondities en meteorologische forceringen. Onze belangrijkste bevind-
ing is dat in het boreale bos de uitwisseling tussen de atmosferische grenslaag en de vrije
troposfeer (een proces dat entrainment wordt genoemd) een belangrijke bijdrage levert aan
de dagelijkse gang van OA die niet genegeerd kan worden in de interpretatie van metingen
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en in grootschalige modellen.
In Hoofdstuk 4 breiden we de vorige studie uit naar het tropische regenwoud (op Borneo),
omdat dit het ecosysteem is dat de grootste hoeveelheden VOC’s uitstoot, met name isopreen.
We onderzoeken het effect op het OA budget van zowel meteorologische forceringen als van
onlangs ontdekte chemische reactiepaden in de formatie van SOA van isopreen. We vinden
dat subsidentie en advectie van relatief koele lucht een tegengesteld effect hebben op OA
concentraties, terwijl ze beiden de groei van de grenslaag onderdrukken. De recycling van
het hydroxyl radicaal in de oxidatie van isopreen heeft een effect op de hoeveelheid SOA
die wordt gevormd, maar dient beter begrepen te worden voordat dit effect daadwerkelijk
gekwantificeerd kan worden. SOA formatie van isopreen is verder sterk afhankelijk van de
precieze reactiepaden die leiden tot de formatie van SVOC’s. We implementeren daarom pa-
rameterisaties voor isopreen SOA formatie onder hoge en lage concentraties stikstofoxiden
(NOx). Ondanks het meenemen van deze nieuwe inzichten in de formatie van SOA uit iso-
preen onderschatten we de OA concentratie met ruwweg een factor 2.
In Hoofdstuk 5 maken we gebruik van satellietwaarnemingen om te bestuderen hoe de
seizoensgang in wolkendruppelconcentraties boven het boreale bos afhangt van aerosolen
en meteorologische factoren. Deze druppelconcentratie vertoont geen duidelijke relatie met
concentraties van wolkencondensatiekernen aan het oppervlak. Dit leidt tot de hypothese dat
het convectieve transport van deze condensatiekernen van het oppervlak naar de wolkenbasis
de limiterende factor is voor hun activatie als wolkendruppels. Dit onderstreept de integr-
erende rol van de atmosferische grenslaag in het tot stand brengen van de verbinding tussen
processen aan het landoppervlak en wolkenvorming.
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